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 Johnsongrass, once the most persistent and troublesome grass weed of row crops 
throughout the southern U.S., has previously been confirmed resistant to the acetolactate 
synthase (ALS) and acetyl-coenzyme A carboxylase-inhibiting herbicides in the Midsouth and 
has recently evolved resistance to glyphosate in Arkansas. The goal of this research was to 
establish the geographical distribution of herbicide-resistant johnsongrass in Arkansas and to 
develop herbicide programs for controlling glyphosate-resistant johnsongrass in Arkansas 
soybean. Johnsongrass accessions were collected from 14 counties in the Mississippi River Delta 
region of Arkansas and screened for resistance to four of the most commonly used 
postemergence herbicides for johnsongrass control. One accession with reduced sensitivity to 
glyphosate and another with increased tolerance to imazethapyr were further evaluated in a rate 
titration experiment. The lethal dose required to kill 50% of the plants from the putative 
glyphosate-resistant and ALS-resistant accessions was higher than that of a known susceptible 
biotype. In the field, a single application of glufosinate alone failed to provide season-long 
johnsongrass control (≤67%); however, addition of another mode of action to glufosinate did 
result in effective johnsongrass control throughout the growing season. Herbicide programs were 
developed that effectively controlled glyphosate-resistant johnsongrass in both glyphosate- and 
glufosinate-resistant soybean. Late-season, salvage treatments were also established for reducing 
seed production in an effort to prevent the spread of glyphosate-resistant johnsongrass and 
mitigate the evolution of additional herbicide-resistant johnsongrass biotypes. When applied at 
the boot stage, late-season applications of clethodim, glufosinate, and glyphosate decreased 
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The earliest reports of johnsongrass were in 1780 when it was introduced to the U.S. 
from the Mediterranian.  It was used off and on throughout the 1900’s as a forage and hay crop, 
which greatly contributed to its distribution. Johnsongrass is still used as a forage crop in some 
areas of the world,  but is a problematic weed of row crops grown in the southern United States 
(McWhorter 1971). Johnsongrass has been reported as a major weed from latitude 55° N to 
latitude 45° S;  infesting as many as 30 different crops in over 53 countries (Holm et al. 1977). 
The ability of johnsongrass to adapt and grow in a wide range of environments has enabled it to 
become widely distributed throughout the United States. 
Johnsongrass has long been considered one of the most competitive and troublesome 
weeds in crop production; however, its status as a troublesome weed has recently increased due 
to herbicide-resistance. In the fall of 2007, a population of johnsongrass in Crittenden County, 
AR, near West Memphis was confirmed resistant to glyphosate (Norsworthy et al. 2008; Riar et 
al. 2011). The evolution of glyphosate-resistant johnsongrass was inevitable, considering the 
large hecterage of glyphosate-resistant crops and the extensive use of glyphosate-based 
herbicides. Accessions of johnsongrass resistant to the Acetyl Coenzyme A-carboxylase 
(ACCase)- and Acetolactate synthase (ALS)-inhibiting herbicides have also been confirmed in 
surrounding Midsouth states (Heap 2013). In recent years, evolved herbicide-resistance has made 
weed control in soybean and other crops a problem for growers. 
The evolution of herbicide-resistant weed species can be prevented or at least delayed by 
using good integrated weed management practices. Reguardless of the crop being grown the key 
element that ultimately leads to the evolution of herbicide-resistant weeds is the continuous 




(Vila-Aiub et al. 2007; Beckie 2006; Powles et al. 1997). Although completely eliminating the 
risk of the evolution of herbicide resistance is highly unlikely there are certain proactive 
approaches that can greatly reduce the risk of herbicide resistance evolving. Potential solutions 
that can help to reduce the risk of herbicide resistance are: tillage, crop rotation, use of multiple 
effective herbicide mechanisms of action, use full labeled herbicide use rate, narrow row 
spacing, increased plant population, proper weed identification, clean equipment, use of certified 
crop seed, and continuous scouting of fields both prior to and after a weed control event 
(Norsworthy et al. 2012).  
Weed control is critical in crop production if optimum yields are to be obtained; therefore 
resistance is a major problem for growers. Because of the large hectarage of glyphosate-resistant 
crops and extensive use of glyphosate, johnsongrass, like many other weeds, has evolved 
resistance to this once useful technology. This research will document the geographical 
distribution of herbicide-resistant johnsongrass in Arkansas; determine the impact of herbicide 
selection and johnsongrass size on johnsongrass control; evaluate the impact of a late-season 
herbicide application on johnsongrass control, reproduction, and progeny vigor; and develop 
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Distribution of Herbicide-Resistant Johnsongrass (Sorghum halepense) in Arkansas 
In the fall of 2007, a johnsongrass population located in a soybean field near West Memphis, 
AR, in Crittenden County was confirmed resistant to glyphosate – the first documented case of 
glyphosate-resistant johnsongrass in Arkansas. The purpose of this study was to determine the 
geographical distribution of glyphosate-resistant johnsongrass in Arkansas crops and screen for 
resistance to other herbicides. A total of 141 johnsongrass accessions were collected from 14 
counties in Arkansas in the fall of 2008, 2009, and 2010. Seeds were planted in a greenhouse and 
screened for resistance to four commonly used postemergence (POST) herbicides for 
johnsongrass control– imazethapyr, glyphosate, clethodim, and fluazifop. One accession 
potentially resistant to glyphosate (J12) and another likely resistant to imazethapyr (J14) were 
further evaluated in a dose-response experiment. The lethal-dose required to kill 50% of the 
plants from the putative glyphosate-resistant and imazethapyr-resistant accessions was higher 
than that of a biotype that is known to be susceptible to these herbicides. The J12 accession had 
an LD50 of 1,741 g ae ha
-1
 glyphosate, which was 8.5-fold greater than the susceptible biotype. 
The J14 accession had an LD50 of 73 g ai ha
-1
 imazethapyr, which was 3.7-fold greater than the 
LD50 of the susceptible biotype. All other accessions were effectively controlled by the four 
evaluated herbicides. Widespread herbicide-resistant johnsongrass was not found in Arkansas, 
although accession J12 was resistant to glyphosate and J14 was resistant to imazethapyr. 
Nomenclature: Glyphosate; johnsongrass, Sorghum halepense (L.) Pers. 





Johnsongrass was initially brought to the U.S. from the Mediterranean in the late 1700’s 
as a forage crop. Adoption of johnsongrass as a hay and forage crop throughout the 1900’s has 
encouraged the widespread distribution of this weed. Although it is still used for forage in some 
areas of the world, johnsongrass has been reported as one of the most problematic weeds of row 
crops grown in the southern United States (McWhorter 1971). Globally, johnsongrass is among 
the most serious weeds and is listed as a problematic weed in 30 crops in over 53 countries 
(Holm et al. 1977). It has the ability to adapt and thrive under an assortment of ecological and 
environmental circumstances which has enabled johnsongrass to spread across the United States 
(McWhorter 1981).  
Johnsongrass can be described as an aggressive, perennial, clumping grass that typically 
reaches up to 3 meters in height. Johnsongrass is a prolific seed producer; a single johnsongrass 
plant can produce up to 28,000 seed (Horowitz 1973). In a study conducted in Mississippi, one 
johnsongrass plant produced 1.1 kg of seed in a single growing season (Bennett 1973). 
Johnsongrass seeds are highly persistent in the soil seedbank and have been reported to remain 
viable in soil for up to12.5 years (Egley and Chandler 1983). The primary means by which 
johnsongrass is spread is through dispersal of seeds (McWhorter 1989). Once johnsongrass is 
introduced into a new area, however, production of a dense network of vegetative underground 
rhizomes allows it to quickly colonize an area (Steckel and Defelice 1995). Following 
emergence, seedling johnsongrass plants are capable of producing rhizomes within a few weeks. 
The greatest periods of rhizome growth and production coincide with flowering when growth 
may reach up to 1 m day
-1
 (McWhorter 1961). Although little difference in johnsongrass plants 
arising from seed or rhizomes has been observed in previous research, plants originating from 




troublesome weed can in large part be attributed to its ability to produce rhizomes (McWhorter 
1961; Horowitz 1972).  
Prior to a selective POST control option in crops, selective johnsongrass control was 
limited to soil incorporated residual herbicides (trifluralin); however, hand removal, in-furrow 
cultivation, and spot spraying were relied upon for suppression of emerged johnsongrass 
(Bridges and Chandler 1987). Release of several POST herbicides in the 1980’s provided 
growers a selective johnsongrass control option that had previously been unavailable (Burke et 
al. 2006). Sethoxydim and fluazifop were the first of many acetyl coenzyme-A carboxlyase 
(ACCase)-inhibting herbicides to be released for selective johnsongrass control across a wide 
range of crops (Banks and Tripp 1983; Whitwell et al. 1985; Bridges and Chandler 1987; 
Defelice et al. 1987; McWhorter 1989). Because these herbicides provided higher levels of 
johnsongrass control and better crop safety than anything previously available they were used 
repeatedly throughout the 1980’s (Burke et al. 2006). The same was also true for acetolactate 
synthase (ALS)-inhibiting herbicides such as nicosulfuron and primsulfuron, which were labeled 
in the late 1980’s for selective POST johnsongrass control in corn (Zea mays L.) (Camacho et al. 
1991). Lack of diversity in weed management programs in which a single herbicide mode of 
action (MOA) is frequently applied often leads to weed species evolving resistance to that MOA 
(Maxwell and Mortimer 1994; Norsworthy et al. 2012). Repeated use of ACCase inhibitors, ALS 
inhibitors, and dinotroanaline (DNA) herbicides has resulted in evolved resistances to each of 
these MOAs by johnsongrass (Smeda et al. 1997; Burke et al. 2006; Heap 2013). 
By the mid-1990’s, johnsongrass control was becoming more difficult because of the 
evolution of resistance to the most effective herbicides available at the time (Smeda et al. 1997; 




ACCase- and ALS-inhibiting herbicides became more common, a new technology was 
introduced that would revolutionize weed management in row crops. Glyphosate-resistant (GR) 
soybean [Glycine max (L.) Merr.]was commercialized in 1996 and was soon followed by the 
release of GR corn, cotton (Gossypium hirsutum L.), and canola (Brassica napus L.) (Dill 2005). 
This new technology was rapidly adopted by soybean growers, specifically in the U.S. and 
Argentina, where GR cultivars currently represent greater than 90% of the planted soybean 
acreage (Duke and Powles 2009). The weed management difficulties that growers had grown 
accustomed to prior to commercialization of GR technology were resolved by the use of 
glyphosate in GR soybean (Johnson et al. 2013). Extensive use of glyphosate-based herbicides 
and a lack of diversity in weed management programs eventually led to the evolution of 
glyphosate resistance. Since the commercialization of GR crops, weed species have evolved 
resistance to glyphosate at an alarming rate. Currently, 24 weed species with evolved GR exist in 
19 countries, including 14 species in the U.S. (Heap 2013). 
Johnsongrass has long been considered one of the most competitive and troublesome 
weeds in crop production (Buchanan 1974; Elmore 1983; Webster and Coble 1995); albeit, in a 
recent survey conducted by Webster and Nichols (2012), johnsongrass was listed as only the 18
th
 
most troublesome weed of soybean in the southern U.S. This drastic reduction in importance can 
be attributed to the widespread adoption of the GR technology and the efficacy of glyphosate on 
this weed (Webster and Nichols 2012). Most recently, the concern over this once troublesome 
and difficult-to-control weed has been brought to the forefront due to evolved glyphosate 
resistance (Vila-Aiub et al. 2007; Norsworthy et al. 2008). In 2005, the first incidence of GR 
johnsongrass occurred in the Salta Province of Argentina, when erratic control of johnsongrass 




revealed that the glyphosate dose required to kill 50% of the suspected GR population was 3.5- 
to 10.5-fold that of a known susceptible biotype (Vila-Aiub et al. 2007). In the fall of 2007, 
glyphosate failed to effectively control a population of johnsongrass in a soybean field near West 
Memphis, AR where glyphosate had been solely relied upon for weed control for several years 
(Norsworthy et al. 2008; Riar et al. 2011). This was the first confirmed case of GR johnsongrass 
in the U.S., but confirmations in neighboring states (Mississippi 2008 and Louisiana 2010) soon 
followed (Heap 2013). 
Weed surveys have historically been a useful tool for estimating weed flora within a 
geographical region and how weed flora are altered by adoption of certain management practices 
(Loux and Berry 1991; McWhorter 1993; Webster and Nichols 2012). With resistance confirmed 
in johnsongrass to glyphosate, ACCase-, and ALS-inhibiting herbicides in Arkansas and 
surrounding states (Smeda et al. 1997; Burke et al. 2006; Heap 2013), it was suspected that 
additional accessions of herbicide-resistant johnsongrass may exist in Arkansas. However, the 
extent to which johnsongrass resistant to glyphosate, ACCase-, and ALS-inhibiting herbicides 
occur in Arkansas is unknown. The objective of this research was to determine the geographical 
distribution of herbicide-resistant johnsongrass in Arkansas crops. 
 
Materials and Methods 
Collection and Plant Materials: Johnsongrass panicles were collected from 141 agricultural 
fields in 14 Arkansas counties in the fall of 2008, 2009, and 2010 (Table 1 and Figure 1). The 
number of panicles collected was dependent upon the number of plants present in the field. For 
example, some fields consisted of only a single clump of johnsongrass from which 




30 to 40 panicles were collected. A handheld global positioning system (GPS) unit was used to 
record the coordinates for each sampling site. Accessions (samples) were designated as J 
(johnsongrass) and given a number value (1 to 141) (Bond et al. 2006; Norsworthy et al. 2008; 
Wise et al. 2009). Samples were collected in fields surrounding the location where the initial 
glyphosate-resistant biotype was confirmed in Crittenden County as well as at multiple other 
locations throughout the county to determine if the biotype had spread from that location. 
Additionally, crop fields where johnsongrass was present late in the growing season in other 
counties were sampled in early fall. For all samples collected, it was not known at the time of 
collection what herbicides the plants had been exposed too, and it was unknown if plants were 
present when herbicide applications occurred or if emergence occurred following the last 
herbicide application. Following a seven day drying period in a greenhouse (32/22 C), seed were 
threshed from the collected panicles and combined into a single composite sample for each 
accession. Seed samples for accessions were stored at room temperature for approximately 4 
months to overcome seed dormancy (Harrington 1916; Taylorson and Brown 1977). Seeds from 
each accession along with a known susceptible biotype (Azlin Seed Company, 112 Lilac Dr., 
Leland, MS 38756) were sown in 10-cm-diameter pots containing a commercial potting media 
(professional growing mix, LC1 Mix. Sun Gro Horticultural Distribution Inc., Bellevue, WAA 
98008). After seeding, pots were placed in a greenhouse under conditions of 32/22 ± 3 C 
day/night temperatures with a 16-h photoperiod consisting of a natural lighting source 
supplemented by a metal halide lighting system. All pots were irrigated as needed on a daily 





Johnsongrass Screening. The experiment was conducted in a randomized complete block 
design (RCB) with 4 replications per treatment and 5 plants per replication for a total of 20 
plants per treatment. Herbicide treatments were applied to 2- to 3-leaf seedling johnsongrass 
plants that were approximately 8- to 12-cm tall. Herbicide treatments consisted of four of the 
most commonly used herbicides for johnsongrass control which represents three herbicide 
MOAs. A nontreated control from each accession was also included. Johnsongrass accessions 
were screened for resistance to the 5-enolpyruval-shikimate-3-phosphate synthase inhibitor 
(WSSA Group 9) glyphosate at 420 g ae ha
-1
; the ALS-inhibitor (WSSA Group 2) imazethapyr 
at 70 g ai ha
-1
; and the ACCase-inhibiting herbicides (WSSA Group 1) clethodim and fluazifop 
at 68 and 210 g ai ha
-1
, respectively. Applications of clethodim and fluazifop included a crop oil 
concentrate (COC) (Agri-Dex, Helena Chemical Co., West Helena, AR 72390) at 1% v/v and 
imazethapyr included a nonionic surfactant (NIS) (Induce, Helena Chemical Co., West Helena, 
AR 72390) at 0.25% v/v, as suggested on each product label. Treatments were applied inside of a 
stationary spray chamber with a boom containing two flat-fan 800067 nozzles (Teejet 
Technologies, Springfield, IL 62703) calibrated to deliver 187 L ha
-1
 at 276 kPA. After 
treatments were applied, pots were returned to the greenhouse.  
Visual johnsongrass control estimates were taken 14 and 21 DAT. Johnsongrass control 
was evaluated by comparing treated plants to the nontreated control for each accession. Control 
was assessed on a scale of 0 to 100%, where 0 was equivalent to no control and 100 being 
complete plant mortality. Biomass of living plants was harvested immediately following the 21 
DAT control evaluation. Plant shoots were clipped at the soil surface and oven-dried at 66 C for 
seven days, and dry weights were determined for surviving plants. For each johnsongrass 




to the nontreated control for each accession. Percent dry-weight reduction for each accession was 
calculated by subtracting the dry weights of treated plants from the dry weights of nontreated 
plants and dividing the difference by the dry weight of nontreated plants and multiplying by 100 
(Bond et al. 2006). 
Visual estimates of johnsongrass control and percent dry-weight reduction data were 
subjected to ANOVA using PROG GLM in SAS (Statistical Analysis Institute (SAS) software, 
version 9.3 (Statistical Analysis Institute, Inc., P.O. Box 8000, Cary, NC 25712). Means were 
separated using Tukey’s HSD at a 5% level of significance. The principal objective of the 
experiment was to compare the response of accessions’ to each herbicide treatment. Therefore, 
accession was considered as a fixed effect while replication was analyzed as a random effect. 
Johnsongrass control data for 14 DAT were not informative; therefore, data for control and dry-
weight reductions are presented for assessments taken 21 DAT. Accessions having 100% control 
or biomass reduction across all replications were excluded from the analysis. 
 
Dose Response. Results of the initial screening experiment revealed that the J12 accession 
exhibited potential resistance to glyphosate and the J14 accession also appeared to have reduced 
sensitivity to imazethapyr both as compared to the susceptible standard. A rate titration 
experiment was established to further evaluate the response of the J12 accession to glyphosate 
and the J14 accession to imazethapyr. Seeds from each accession and a susceptible biotype were 
sown in separate 45- by 60-cm trays. At the cotyledon to one-leaf stage, johnsongrass seedlings 
from each biotype were transplanted into 10-cm-diameter pots containing potting mix. After 
transplanting, plants were returned to the greenhouse under the same environmental conditions 




Seedlings of the susceptible biotype were treated with nine rates of MON 78623 
(potassium salt of glyphosate) ranging from 7 to 1,680 g ha
-1
. The rate range corresponds to 
1/128 to 2 times the recommended glyphosate rate of 840 g ha
-1
. For the J12 accession three 
additional rates of 3,360, 6,720 and 13,440 g ha
-1
 were also added. In the imazethapyr dose-
response study, the susceptible biotype was exposed to rates ranging from 0.5 to 140 g ha
-1
, 
which corresponds to 1/128 to 2 times the recommended rate of 70 g ha
-1
. Three additional rates 
of 280, 560, and 1,120 g ha
-1
 were included for the J14 accession. Applications of MON 78623 
and imazethapyr contained a NIS at 0.25% v/v. Treatments were applied once seedlings had 
reached the two- to three-leaf stage (8- to 12-cm tall). Spray applications were made at 187 L ha
-
1
 in a stationary spray chamber with a boom containing two flat fan 800067 spray nozzles. Upon 
completion of all treatments, plants were returned to the greenhouse. The experiment was 
arranged in a completely random design with 20 replications/biotype/herbicide dose and the 
experiment was repeated. Plant survival (live or dead counts) counts were taken 21 DAT. A plant 
was considered to be alive if at least one green leaf was present. Plant mortality data were 
subjected to probit analysis using JMP (JMP, Version 10. SAS Institute Inc., Cary, NC) to 
determine the lethal dose required to kill 50% of the plants from each biotype (LD50) along with 
95% confidence intervals. Means were separated using a Chi-squared probability test (P= 0.05). 
 
Results and Discussion 
Johnsongrass Screening. Overall, the herbicides evaluated in this experiment were generally 
effective for controlling the accessions tested. At 21 DAT, average johnsongrass control across 
accessions was 97% for glyphosate, 95% for imazethapyr, and 99% for both fluazifop and 




control across accessions varied for each herbicide; therefore, only data for accessions that were 
not completely controlled 21 DAT are presented. Additionally, these were the only treatments 
included in the analysis. 
 
Glyphosate. Glyphosate at 420 g ha
-1
, one-half of the registered field use rate of 840 g ha
-1
, 
controlled 100% of 95 of the 141 accessions tested (Table 2). The 46 accessions that were not 
completely controlled varied in response to glyphosate. With the exception of the J12 accession 
from Crittenden County, visual estimates of control of all accessions ranged from 85 to 99% and 
all but 6 accessions were controlled 90% or greater 21 DAT (Table 2). Shaw and Arnold (2002) 
reported greater than 93% control of seedling johnsongrass with glyphosate at 280 to 1,120 g ha
-1
 
and Vidrine et al. (1997) also reported greater than 90% control of 10- to 15-cm seedling 
johnsongrass with glyphosate at 420 to 700 g ha
-1
. At 21 DAT, glyphosate resulted in only 20% 
control of the J12 accession, the lowest level of control of all accessions evaluated.   
Dry-weight reduction across accessions was similar to visual estimates of weed control 
observed for each accession. Much like control estimates, the lowest level of biomass reduction 
was observed with the J12 accession. Applications of glyphosate at 420 g ha
-1
 reduced dry matter 
production of the J12 accession by 47% compared to the nontreated 21 DAT (Table 2). Minimal 
differences in dry-weight reduction existed among other accessions, with biomass of all 
remaining accessions reduced at least 86%. 
 
Imazethapyr. Of the four herbicides evaluated, imazethapyr was the least effective and most 
inconsistent across accessions. Imazethapyr at the highest application rate (70 g ha
-1
) provided 




accessions for which imazethapyr failed to provide complete control 21 DAT (Table 3). 
Accession J14 exhibited the least sensitivity to imazethapyr compared to all other accessions, 
resulting in 64% control 21 DAT. Excluding J14, greater than 90% control was achieved for 39 
accessions while the remaining 28 accessions were controlled 81 to 89% with imazethapyr.  
In a field study in Mississippi, Riley and Shaw (1989) reported no greater than 50% 
control of 8- to- 12-leaf rhizome johnsongrass with imazethpyr applied at 70 and 105 g ha
-1
. In a 
separate field study, Shaw et al. (1990) reported less than 75% control of 15- to 60-cm tall 
rhizome johnsongrass with imazethapyr applied at 70 g ha
-1
. In this experiment, imazethapyr was 
evaluated for control of seedling johnsongrass which can be attributed to the increased control 
levels compared to previous research in which control was evaluated on johnsongrass plants 
originating from rhizomes. Furthermore, the johnsongrass in the above mentioned research was 
larger at application than the plants treated in this research; hence, the lower control observed by 
Shaw et al. (1990) and Riley and Shaw (1989). Efficacy of foliar herbicides differ between 
seedling and rhizomatous johnsongrass plants, with control of seedlings often being greater 
(Rosales-Robles et al. 1999).  Inadequate translocation of herbicides allows the rhizomes to 
survive and regrow following applications of most POST-applied herbicides (Sprankle et al. 
1975; Kells and Rieck 1979). 
Dry-weight reduction among accessions deviated only slightly from the levels of control 
observed for each accession. Twenty-one days following application, imazethapyr rendered only 
14% dry matter reduction of accession J14 (Table 3). Dry-weight reduction among the other 





Clethodim. The johnsongrass accessions evaluated in this experiment were highly responsive to 
clethodim at 68 g ha
-1
. Across accessions, clethodim was the most consistent and efficacious 
herbicide, completely controlling 131 of the 141 accessions. No differences in control were seen 
among accessions, with at least 89% control of all accessions achieved (Table 4). The results of 
this experiment are similar to those of previous research, which concluded that clethodim, 
applied across a range of rates and johnsongrass, sizes is an effective johnsongrass control option 
(Bridges 1989; Jordan et al. 1996; Rosales-Robles et al. 1999). 
The efficacy of clethodim on all accessions in this experiment also resulted in effective 
dry-weight reduction compared to that of the nontreated control. Percentage dry-weight 
reduction among accessions ranged from 88 to 96%. With the exception of accession J14, no 
differences could be detected for dry-weight reduction among the other accessions evaluated. 
 
Fluazifop. Fluazifop was second to clethodim in providing the most consistent and effective 
control of johnsongrass across accessions. Fluazifop at 210 g ha
-1
, the 1X registered field use 
rate, provided complete (100%) control of 121 of the 141 accessions. Control of the accessions 
in which complete control was not obtained ranged from 83 to 97%. Of the accessions not 
completely controlled, fluazifop achieved at least 90% control of all but five accessions (Table 
5). Control of J92 was significantly lower 21 DAT than accessions that were controlled greater 
than 93%, which was exactly half of the accessions (Table 5). Accession J92 was less responsive 
to fluazifop than most accessions evaluated including the susceptible standard. Therefore, it is 
hypothesized that this accession may have a low level of resistance to fluazifop. However, due to 





Bridges and Chandler (1987) observed johnsongrass control of 95 and 83% over a 2-year 
period with fluazifop, and in two separate studies conducted by Banks and Bundusch (1989) and 
Brewster and Spinney (1989) greater than 90% johnsongrass control  was reported with 
fluazifop. The results of this experiment were also similar to that observed by Shaw et al. (1990) 
who reported johnsongrass control that ranged from 83 to 90% when fluazifop was applied to 
15- to 60-cm tall johnsongrass.    
Dry-weight reduction for all accessions following an application of fluazifop was at least 
87% 21 DAT. However, with the exception of accessions J54, J89, J92, and J126, dry-weight 
reduction of all accessions was at least 91%. 
 
J12 Dose Response. The probability of death for increasing doses of glyphosate for the J12 
accession and susceptible biotype are shown in Figure 2. A glyphosate dose of 205 g ha
-1
 was 
needed to kill 50% of the susceptible plants. The LD50 value for susceptible plants is less than 
1/4X the registered field-use rate for glyphosate. The LD95 values indicate that 95% mortality of 
the susceptible biotype is achieved at 363 g ha
-1
, which is less than 1/2X the recommended field 
rate for weed control in cotton, corn, and soybean (Anonymous 2013a). Mortality of all 
susceptible plants was achieved with less than the registered field-use rate of 840 g ha
-1
. 
The LD50 value of glyphosate for the putative resistant J12 accession was 1,741 g ha
-1
, an 
8.5-fold increase in glyphosate dose compared to the susceptible biotype (Figure 2; Table 6). The 
response of the J12 accession to glyphosate was similar to the findings of Riar et al. (2011) who 
reported that a glyphosate dose of 1,440 g ha
-1
 was required to achieve 50% mortality of the first 
glyphosate-resistant biotype confirmed in Arkansas in a field located approximately 13.5 km 




the initially documented glyphosate-reistant biotype is genetically different from the one 
documented in this research.   
To achieve 95% mortality of the J12 accession, glyphosate would have to be applied at 
4,069 g ha
-1
, which was an 11-fold increase over the susceptible biotype (Table 6), and 5 times 
the labeled field-use rate of 840 g ha
-1
. Kill of all treated plants of the J12 accession was 
accomplished at a glyphosate rate that was 6 times the labeled use rate; hence, it is concluded 
that the J12 accession has evolved resistance to glyphosate. Furthermore, with the proximity 
(13.5 km) of accession J12 to the glyphosate-resistant biotype confirmed in Crittenden County 
by Riar et al. (2011) and the similarities in LD50 values, it is possible that these two biotypes may 
have originated from the same field and then moved to an additional field by equipment, wind, or 
water. However, further research is needed to validate this hypothesis. 
 
J14 Dose Response. The probability of death for progressing doses of imazethapyr is displayed 
in Figure 3. The LD50 value for imazethapyr for the susceptible biotype was 20 g ha
-1
, which is 
approximately 1/4X the recommended field-use rate of 70 g ha
-1
(Anonymous 2013b). For the 
susceptible biotype, greater than 95% mortality was achieved at 36 g ha
-1
, which is 
approximately one-half of the recommended rate for field use. Based on the dose-response curve 
for the susceptible biotype, 99% mortality was predicted at 43 g ha
-1
. 
For the J14 accession, the LD50 value was 73 g ha
-1
, equivalent to a 3.7-fold reduction in 
sensitivity to imazethapyr compared to the susceptible biotype (Table 6). The LD95 value of 282 
g ha
-1
 of imazethapyr was a 7.8-fold increase over the susceptible biotype. Based on these 




recommended field-use rate (Figure 2), it is concluded that this accession has evolved resistance 
to imazethapyr.  
Summary 
With the previous documentation of ALS-resistant johnsongrass in recent decades and 
the overwhelming dependence on glyphosate for weed control in virtually all U.S. cropping 
systems, it comes as no surprise that johnsongrass continues to evolve resistance to the most 
frequently used herbicides in today’s agriculture (Riar et al. 2011). With the extensive use of 
ALS-inhibiting herbicides not only in soybean but other economically important row crops, the 
existence of only one of 141 accessions exhibiting resistance to this MOA was somewhat 
surprising. Furthermore, the massive acreage of glyphosate-resistant crops that occurred in 
response to the commercialization of glyphosate-resistant crop technology in 1996 and exclusive 
reliance on glyphosate has led to evolution of resistance to glyphosate in johnsongrass and 
numerous other species worldwide (Heap 2013). Herbicide-resistant johnsongrass is not 
currently widespread in Arkansas, and in general control can be achieved with glyphosate, and 
the ALS- and ACCase-inhibiting herbicides. However, with resistance to glyphosate and the 
ALS-inhibiting herbicides existing within the state and resistance to the ACCase-inhibiting 
herbicides existing in neighboring states, appropriate management tactics should be employed to 














Table 1. Johnsongrass accessions listed by county, crop, and GPS coordinates from which they 
were collected. 
Accession County Crop Latitude Longitude 
   ˚N ˚W 
J1 Arkansas Soybean 33.408 91.316 
J2 Chicot Soybean 33.347 91.294 
J3 Chicot Soybean 33.304 91.287 
J4 Chicot Soybean 33.313 91.291 
J5 Chicot Soybean 33.340 91.291 
J6 Chicot Corn 33.394 91.311 
J7 Chicot Soybean 33.444 91.331 
J8 Chicot Soybean 33.35 91.376 
J9 Crittenden Soybean 35.229 90.398 
J10 Crittenden Soybean 35.195 90.397 
J11 Crittenden Soybean 35.206 90.353 
J12 Crittenden Soybean 35.198 90.121 
J13 Crittenden Soybean 35.204 90.116 
J14 Crittenden Soybean 35.218 90.113 
J15 Crittenden Soybean 35.240 90.116 
J16 Crittenden Soybean 35.243 90.127 
J17 Crittenden Soybean 35.245 90.136 
J18 Crittenden Soybean 35.247 90.176 
J19 Crittenden Soybean 35.286 90.226 
J20 Crittenden Soybean 35.295 90.218 
J21 Crittenden Soybean 35.295 90.212 
J22 Crittenden Soybean 35.293 90.229 
J23 Crittenden Soybean 35.310 90.169 
J24 Crittenden Soybean 35.314 90.182 
J25 Crittenden Soybean 35.306 90.254 
J26 Crittenden Soybean 35.307 90.267 
J27 Crittenden Soybean 35.316 90.377 
J28 Crittenden Soybean 35.379 90.249 
J29 Crittenden Soybean 35.380 90.243 
J30 Crittenden Soybean 35.349 90.181 
J31 Crittenden Soybean 35.328 90.182 
J32 Crittenden Soybean 35.265 90.201 
J33 Crittenden Soybean 35.263 90.264 
J34 Crittenden Soybean 35.263 90.271 
J35 Crittenden Soybean 35.264 90.319 
J36 Crittenden Soybean 35.102 90.195 
J37 Crittenden Soybean 35.091 90.203 
J38 Crittenden Soybean 35.090 90.203 
J39 Crittenden Soybean 35.092 90.212 
J40 Crittenden Soybean 35.147 90.395 
J41 Crittenden Soybean 35.147 90.397 




J43 Crittenden Soybean 35.109 90.229 
J44 Crittenden Soybean 35.081 90.231 
J45 Cross Soybean 35.251 90.955 
J46 Cross Soybean 35.251 90.936 
J47 Cross Soybean 35.275 90.791 
J48 Desha Soybean 33.569 91.383 
J49 Desha Soybean 33.672 91.422 
J50 Desha Soybean 33.842 91.475 
J51 Desha Soybean 33.868 91.480 
J52 Desha Soybean 33.882 91.457 
J53 Desha Soybean 33.896 91.420 
J54 Desha Soybean 34.103 91.014 
J55 Jackson Soybean 35.571 91.250 
J56 Jackson Soybean 35.575 91.248 
J57 Lee Soybean 34.895 90.791 
J58 Lee Cotton 34.835 90.797 
J59 Lee Soybean 34.730 90.769 
J60 Lee Cotton 34.657 90.770 
J61 Lee Soybean 34.657 90.743 
J62 Lee Soybean 34.657 90.833 
J63 Lee Soybean 34.658 90.882 
J64 Lee Soybean 34.774 90.872 
J65 Lee Soybean 34.685 90.736 
J66 Lee Soybean 34.811 90.673 
J67 Lee Cotton 34.833 90.645 
J68 Lonoke Soybean 34.600 90.706 
J69 Lonoke Soybean 34.762 91.853 
J70 Mississippi Soybean 35.466 90.170 
J71 Mississippi Soybean 35.740 90.144 
J72 Mississippi Soybean 35.512 90.089 
J73 Mississippi Soybean 35.516 90.089 
J74 Mississippi Soybean 35.523 90.089 
J75 Mississippi Soybean 35.590 90.071 
J76 Mississippi Soybean 35.573 90.053 
J77 Mississippi Soybean 35.631 89.949 
J78 Mississippi Soybean 35.791 90.073 
J79 Mississippi Soybean 35.788 90.073 
J80 Mississippi Soybean 35.776 90.074 
J81 Mississippi Grain sorghum 35.771 90.073 
J82 Mississippi Soybean 35.771 90.079 
J83 Mississippi Soybean 35.573 90.213 
J84 Mississippi Soybean 35.568 90.216 
J85 Mississippi Soybean 35.554 90.249 
J86 Mississippi Soybean 35.484 90.251 
J87 Mississippi Soybean 35.483 90.251 




J89 Mississippi Soybean 35.466 90.202 
J90 Mississippi Soybean 35.464 90.199 
J91 Mississippi Soybean 35.465 90.199 
J92 Mississippi Soybean 35.465 90.128 
J93 Mississippi Soybean 35.465 90.137 
J94 Mississippi Soybean 35.462 90.129 
J95 Mississippi Soybean 35.461 90.129 
J96 Mississippi Soybean 35.487 90.077 
J97 Mississippi Soybean 35.488 90.079 
J98 Mississippi Soybean 35.560 91.039 
J99 Mississippi Soybean 35.563 91.180 
J100 Monroe Soybean 34.765 91.197 
J101 Monroe Soybean 34.766 91.226 
J102 Monroe Soybean 34.447 91.049 
J103 Phillips Soybean 34.553 90.641 
J104 Phillips Soybean 34.627 90.675 
J105 Phillips Soybean 34.583 90.692 
J106 Phillips Soybean 34.564 90.658 
J107 Phillips Soybean 34.570 90.820 
J108 Phillips Soybean 34.452 90.776 
J109 Phillips Soybean 34.549 91.017 
J110 Phillips Soybean 34.601 91.032 
J111 Phillips Soybean 34.584 90.712 
J112 Phillips Soybean 34.492 90.695 
J113 Phillips Soybean 34.434 90.632 
J114 Phillips Soybean 34.416 90.666 
J115 Phillips Corn 34.493 90.648 
J116 Phillips Soybean 34.592 90.812 
J117 Phillips Soybean 34.550 90.803 
J118 Phillips Soybean 34.515 90.649 
J119 Phillips Soybean 34.435 90.726 
J120 Phillips Soybean 34.415 90.765 
J121 Phillips Soybean 34.438 90.785 
J122 Phillips Cotton 34.555 90.778 
J123 Phillips Soybean 34.273 90.973 
J124 Phillips Soybean 34.341 90.882 
J125 Phillips Soybean 34.386 90.842 
J126 Phillips Soybean 34.128 91.009 
J127 Poinsett Soybean 35.449 90.742 
J128 Poinsett Soybean 35.543 90.721 
J129 Prairie Soybean 34.845 91.423 
J130 Prairie Soybean 34.813 91.417 
J131 St. Francis Soybean 35.128 90.507 
J132 St. Francis Soybean 35.135 90.467 
J133 St. Francis Soybean 35.130 90.468 




J135 St. Francis Soybean 35.108 90.575 
J136 St. Francis Soybean 34.935 90.501 
J137 St. Francis Soybean 34.945 90.488 
J138 St. Francis Soybean 34.984 90.429 
J139 St. Francis Soybean 35.046 90.401 
J140 St. Francis Soybean 35.000 90.818 
























Table 2. Response and percentage dry-weight reduction of 46 johnsongrass accessions 21 d 












J1 95 96 
J4 96 97 
J9 97 97 
J10 98 98 
J11 94 95 
J12 20 47 
J13 94 96 
J14 93 92 
J17 99 98 
J20 97 96 
J21 96 95 
J23 99 99 
J24 97 98 
J28 97 96 
J36 96 95 
J40 99 98 
J41 96 95 
J43 98 96 
J49 98 98 
J50 96 95 
J53 91 90 
J62 98 98 
J68 86 90 
J70 95 94 
J72 95 96 
J74 98 98 
J76 92 97 
J78 88 88 
J79 89 89 
J80 91 91 
J82 99 99 
J83 96 94 
J84 99 99 
J85 92 93 
J86 98 97 
J90 90 93 
J93 86 88 
J95 95 95 
J98 99 98 
J106 85 86 
J109 92 90 




J117 96 94 
J120 93 92 
J127 97 98 





 Herbicide applied to two- to three-leaf seedling johnsongrass. 
b
 A total of 141 accessions were evaluated (J1-J141). Accessions that were completely 
controlled (100% mortality) are not presented and were excluded from the analysis. 
c









































Table 3. Response and percentage dry-weight reduction of 67 johnsongrass accessions 21 d 












J1 90 92 
J3 97 96 
J5 90 92 
J9 94 95 
J10 92 92 
J11 87 92 
J12 87 89 
J13 94 93 
J14 64 14 
J17 83 89 
J19 97 97 
J20 89 89 
J21 94 94 
J22 94 93 
J23 93 94 
J24 91 93 
J28 90 91 
J29 92 95 
J31 93 91 
J32 92 94 
J33 90 90 
J36 88 88 
J38 97 97 
J40 96 92 
J41 89 92 
J43 90 88 
J46 98 97 
J47 91 91 
J50 86 90 
J54 98 96 
J56 97 97 
J61 91 92 
J62 94 94 
J65 95 94 
J66 90 92 
J68 81 87 
J70 89 91 
J72 84 90 
J76 87 89 
J78 87 89 
J79 87 89 




J85 88 89 
J87 85 89 
J88 86 88 
J89 81 82 
J90 83 88 
J95 89 91 
J98 94 93 
J103 83 86 
J106 84 88 
J107 89 90 
J109 84 89 
J111 88 89 
J115 94 94 
J117 90 91 
J120 84 87 
J121 93 93 
J123 83 85 
J124 88 87 
J125 95 93 
J126 96 96 
J127 96 94 
J131 91 91 
J136 92 93 
J137 98 98 





 Herbicide applied to two- to three-leaf seedling johnsongrass. 
b
 A total of 141 accessions were evaluated (J1-J141). Accessions that were completely 
controlled (100% mortality) are not presented and were excluded from the analysis. 
c




















Table 4. Response and percentage dry-weight reduction of 10 johnsongrass accessions 21 d 












J17 90 91 
J24 94 92 
J49 91 96 
J54 95 91 
J61 91 92 
J65 93 93 
J102 90 91 
J103 95 95 
J126 91 92 





 Herbicide applied to two- to three-leaf seedling johnsongrass. 
b
 A total of 141 accessions were evaluated (J1-J141). Accessions that were completely 
controlled (100% mortality) are not presented and were excluded from the analysis. 
c































Table 5. Response and percentage dry-weight reduction for 20 johnsongrass accessions 21 d 












J13 94 94 
J14 96 95 
J16 86 91 
J19 97 95 
J24 95 94 
J36 91 91 
J41 90 91 
J46 97 93 
J49 93 93 
J54 92 88 
J61 93 93 
J68 95 96 
J89 85 87 
J92 83 87 
J93 87 91 
J109 90 93 
J117 91 91 
J123 96 94 
J126 88 89 





Herbicide applied to two- to three-leaf seedling johnsongrass. 
b
 A total of 141 accessions were evaluated (J1-J141). Accessions that were completely 
controlled (100% mortality) are not presented and were excluded from the analysis. 
c





















Table 6. Dose needed to kill 50% of accession J12 (glyphosate) and J14 (imazethapyr) compared to a susceptible 
standard. 
  Glyphosate     Imazethapyr 
Accession LD50
a
   LD95   Accession LD50   LD95
b
 








J12 1,741 a 
 
4,069  a 
 
J14 73 a 
 
282 a 
Susceptible 205 b 
 
363  b 
 







  11.2 
___   R/S ratio 3.7 
___ 
  7.8 
___ 
a 
LD50 and LD95 doses within a column followed by different lowercase letters are statistically different at P≤0.05. 
b 
LD50 and LD95 values were determined by probit analysis in JMP. 
c
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Johnsongrass (Sorghum halepense) Management as Influenced by Herbicide Selection and 
Application Timing 
 
Field experiments were conducted in 2009 and 2012 at Fayetteville, AR to compare four 
herbicides across three application timings for johnsongrass control and to evaluate the effect of 
late-season herbicide applications on johnsongrass control, reproduction, and progeny vigor. In 
the first experiment, glyphosate at 840 g ae ha
-1
 and clethodim at 68 and 136 g ai ha
-1 
provided 
75 to 94% control of 15- to 60-cm tall johnsongrass and up to 98% stand reduction 4 weeks after 
treatment (WAT). Glufosinate and nicosulfuron were generally effective on ≤30-cm tall 
johnsongrass; however, efficacy declined as johnsongrass size increased. In the second 
experiment, glyphosate at 840 g ha
-1
 provided at least 89% johnsongrass control when applied at 
boot or after panicle emergence, resulting in up to 95% stand reduction 3 WAT. Applications of 
glyphosate at 420 and 840 g ha
-1
, clethodim at 68 and 136 g ha
-1
, and glufosinate at 740 g ai ha
-1
 
applied at the boot stage reduced viable seed production of treated plants 94 to 99%. Irrespective 
of rate, glyphosate and clethodim applied at boot reduced progeny seedling emergence by 77 to 
95% and 100-seed weight of treated plants 62 to 96% compared to the nontreated check. This 
research demonstrates the importance of herbicide selection, particularly for controlling 
johnsongrass plants larger than 30 cm. Additionally, the results demonstrate the benefits of a 
single application of glyphosate or clethodimat the boot stage of johnsongrassfor decreasing the 
soil seedbank and reducing success of johnsongrass progeny in future years. 
Nomenclature: Clethodim; glufosinate; glyphosate; nicosulfuron; johnsongrass, Sorghum 
halepense (L.) Pers. 






 Johnsongrass, a strong-growing, perennial grass weed was dispersed throughout regions 
of the southern United States to resurrect fallowed cropland that had been eroded and exhausted 
of its fertility during the Civil War (McWhorter 1971). Although its initial spread was intended 
to return the once fertile crop fields back to prosperity; johnsongrass is now among the most 
troublesome grass weeds worldwide (McWhorter 1971; Holm et al. 1977). Johnsongrass inhabits 
cultivated land in at least 58 nations, a testament to its ability to adapt and thrive in a multitude 
of environmental and ecological niches (Holm et al. 1991). Characteristics such as production of 
subterranean rhizomes (40 to 90 m plant
-1
), exorbitant sexual reproductive capacity (28,000 seed 
plant
-1
), and rapid growth and biomass production have allowed johnsongrass to be one of the 
most successful and competitive weeds in today’s cropping systems (Warwick and Black 1983; 
McWhorter 1989). 
 Prior to the 1980’s, lack of selective control options made johnsongrass control difficult 
in the presence of a crop (Burke et al. 2006). Commercialization of  acetyl coenzyme-A 
carboxlyase (ACCase)-inhibitors, acetolactate synthase (ALS)-inhibitors in the 1980’s, and the 
launch of glyhosate-resistant (GR) technology in 1996 provided johnsongrass control options 
that were far superior to previous control methods (Tingle et al. 1998; Viator et al. 1998; Rhodes 
et al. 1998).These herbicides provided effective and efficient in-cropjohnsongrass control of both 
seedling and rhizome johnsongrass and often times did so at less than labeled rates (Prostko and 
Meade 1993; Eleftherohorinos and Kotoula-Syka 1995; Rosales-Robles et al. 1999). As a result 
of the extensive use of highly effective postemergence (POST) herbicides, the status of 
johnsongrass as a troublesome weed has been somewhat reduced over the last decade. For 
example in 1995, johnsongrass was among the top ten most troublesome weeds of corn (#1), 





survey conducted by Webster and Nichols in 2008 and 2009, johnsongrass was listed as the 
fourth, nineteenth, and eighteenth most troublesome weed of corn, cotton, and soybean. This is 
largely attributed to the high level of control achieved with selective POST herbicides 
throughout the 1990’s and early 2000’s (Webster and Nichols 2012).  
 Despite the availability of effective POST herbicides for control of johnsongrass, 
especially large, rhizomatous johnsongrass can be challenging. Proper herbicide selection, 
application timing, and johnsongrass size at the time of application are all critical to 
johnsongrass control with POST-applied herbicides. Evolution of herbicide resistance, especially 
glyphosate resistance, in weed species has prompted an increase in the use of glufosinate-
resistant crops, which enables growers to use the nonselective herbicide glufosinate in POST 
weed control programs. Glufosinate is effective on a broad spectrum of weeds that are common 
to row crop production areas (Corbett et al. 2004; Beyers et al. 2002; Norris et al. 2002; 
Culpepper et al. 2000; Steckel et al. 1997). However, sporadic control of grasses, most notably 
large grasses, and perennial species has been reported with glufosinate (Corbett et al. 2004; 
Culpepper et al. 2000; Culpepper and York 1999; Steckel et al. 1997; Welch and Ross 1997). 
Previous research has not directly addressed the influence of application rate and johnsongrass 
size at application on control with glufosinate. Furthermore, previous research has shown 
glyphosate, clethodim, and nicosulfuron to provide effective johnsongrass control at various 
application rates and stages of growth; yet few studies have directly compared johnsongrass 
control with these herbicides as influenced by johnsongrass growth stage at the time of 
application. 
 Ultimately, the goal of weed control is to prevent crop yield loss and prevent weed seed 





dispersal to other noninfested areas. The role of seed production in the spread, longevity, and 
survival of johnsongrass populations has previously been documented (Ghersa et al. 1985; 
Scopel et al. 1988; Ghersa et al. 1993). In instances where the soil is depleted of rhizomes by 
control measures or adverse environmental conditions, johnsongrass seed remain in the soil and 
prevent population extinction (Van Esso and Ghersa 1989). Weeds often escape control 
measures or emerge after weed control practices have been implemented, allowing reproduction 
and replenishment of the seedbank (VanGessel et al. 2000; 2001). Although yield will most 
likely not be impacted in either case, it is essential that seed production and replenishment of the 
seedbank be prevented in an effort to reduce the risk of herbicide resistance evolving 
(Bagavathiannan and Norsworthy 2012; Norsworthy et al. 2012). 
 Ideally, management of the soil seedbank begins prior to planting and continues 
throughout the season with a sound weed control program based on mechanical, cultural, and 
chemical control practices (Norsworthy et al. 2012). The perennial nature of johnsongrass along 
with exorbitant seed production often allows it to escape chemical and nonchemical control 
methods (Warwick and Black 1983). A topical application of a non-selective herbicide at initial 
flowering or beginning seed set is one plausible method to hinder enrichment of the soil 
seedbank (Steadman et al. 2006; Brewer and Oliver 2007; Walsh and Powles 2007). Following 
an application of glyphosate, 2,4-D, dicamaba, or glufosinate from anthesis up to the initial seed 
set stage; seed production of giant foxtail (Setaria faberi Herrm.), common lambsquarters 
(Chenopodium album L.), redroot pigweed (Amaranthus retroflexus L.), velvetleaf (Abutilon 
theophrasti Medik.), and sicklepod (Senna obtusifolia L.) was reduced by as much as 99% 
(Biniak and Aldrich 1986; Fawcett and Slife 1978; Taylor and Oliver 1997). Similarly, Jha and 





production from 47 to 95% following an application of glyphosate, 2,4-D, dicamba, glufosinate, 
and pyrithiobac. Viable seed production, seed-weight, and subsequent emergence of progeny 
may be more useful measures of the efficacy of topical applications because ultimately not all 
seeds produced will subsequently germinate (Shuma et al. 1995). Contingent upon weed species, 
up to 95% reduction in seed viability has been reported following an application of glyphosate to 
Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot], giant foxtail, velvetleaf, 
and sicklepod (Bennett and Shaw 2000; Biniak and Aldrich 1986; Steadman et al. 2006). Clay 
and Griffin (2000) reported glyphosate applied at initial seed set reduced 100-seed weight of 
hemp sesbania [Sesbania herbacea (P. Mill.) McVaugh] and sicklepod by 73 and 46% and in 
turn reduced subsequent seedling emergence by 94 and 66%.  
Previous research has evaluated johnsongrass control with glyphosate, glufosinate, 
clethodim, and nicosulfuron, but studies directly comparing johnsongrass control among these 
herbicides as influenced by johnsongrass growth stage at application is lacking. Additionally, 
little information is currently available pertaining to johnsongrass control with glufosinate as 
influenced by application rate and weed size at application. Furthermore, the impact of late-
season herbicide applications on seed production and progeny vigor has been reported for several 
weed species; however, the effects of late-season herbicide applications on johnsongrass control, 
fecundity, and viability have not been evaluated. Therefore, the objectives of this research were 
to 1) determine the impact of herbicide selection and application timing on johnsongrass control 
and 2) determine the influence of late-season herbicide applications on johnsongrass control, 






Materials and Methods 
General Procedures. Field experiments were conducted in 2009 and 2012 at the University of 
Arkansas Research and Extension Center at Fayetteville, AR. Two separate experiments were 
conducted in the absence of a crop (bare ground) under dryland conditions. The field in which 
the experiments were conductedwas fallowed the previous year and contained a natural 
population of seedling and rhizomatous johnsongrass known to be susceptible to all herbicides 
evaluated. However, prior to initiation of experiments each year, the field was over-seeded with 
johnsongrass and the field was tilled with a field cultivator in early May to ensure a uniform 
johnsongrass population throughout the experimental test area. The soil series was a Pembroke 
silt loam (Ultic Paleudalfs) with 28% sand, 64% silt, 8% clay, 0.7% organic matter, with a soil 
pH of 6.6. Experiments consisted of plots that were 3 m wide by 6 m in length. Treatments were 
applied with a CO2-pressurized backpack sprayer consisting of a handheld boom that contained 
four 110015 flat-fan nozzles (Teejet Technologies, Springfield, IL 62703) on 48-cm spacing 
calibrated to deliver 140 L ha
-1
 at 276 kPA. Visible weed control estimates were taken weekly 
for six weeks after treatment (WAT) on a 0 to 100% scale, where 0 was equal to no visible 
control and 100 was complete control.  
 
Effect of Herbicide Application Timing on Johnsongrass Control. The experiment was 
conducted in a randomized complete block design (RCB) with a 4 by 7 factorial arrangement of 
herbicide treatments and johnsongrass growth stages each replicated four times. 
 Herbicide treatments consisted of glyphosate at 840 g ae ha
-1
, glufosinate at 450, 590, or 
740 g ai ha
-1
, clethodim at 68 or 136 g ai ha
-1
, and nicosulfuron at 35 g ai ha
-1
. Herbicide 





nontreated control was also included for comparison. In addition to visual control estimates, 
johnsongrass densities in two 0.5 m
2
 quadrats per plot were taken 3 WAT. Data were analyzed 
using ANOVA with the MIXED procedure in JMP and mean separation was performed using 
Tukey’s HSD test at a 5% level of significance. Percentage control and density data were 
arcsine-transformed prior to analysis to improve homogeneity of the variances and normality of 
residuals to conform to the assumptions of ANOVA. Nontransformed means are presented in 
tables based upon interpretation of the transformed data. Herbicide treatment and application 
timing and their interactions were fixed effects. Year, replication (nested within year), and any 
interactions containing either variable were considered as random effects in the model. 
 
Influence of Late-season Herbicide Applications on Johnsongrass Control, Fecundity, and 
Viability. The study was conducted in a RCB design with a 2 by 7 factorial arrangement of 
application timing and herbicide treatment with each combination of growth stage and herbicide 
treatment replicated four times. 
Herbicide treatments consisted of glyphosate at 420 and 840 g ha
-1
, glufosinate at 450, 
590, and 740 g ha
-1
, and clethodim at 36 and 68 g ha
-1
. Treatments were applied when 
johnsongrass plants were at the boot stage (prior to panicle emergence) to 84- to- 96-cm tall 
plants and when approximately 50% of the plants had fully emerged panicles and were 112- to 
140-cm tall. At 3 weeks after the final treatment, the number of johnsongrass shoots and panicles 
were recorded in two 0.5 m
2
 quadrats per plot. To prevent seed loss from shattering, two 
johnsongrass panicles per quadrat were covered with mesh bags (Factory Direct Landscape and 
Greenhouse Supply, Ocala, FL 34471). At maturity, both panicles were harvested and seeds that 





four weeks and seed weights were determined from a subsample of 100 seed per plot. 
Additionally, the number of seed per panicle, total number of seed m
-2
, seed viability, and 
progeny emergence were determined.  
 
Seed Viability. Seed viability testing was conducted with the same general procedures described 
by Sawma and Mohler (2002). A composite sample of 100 seed was randomly collected from 
each plot and sliced to expose the embryo. Sliced seed were placed in a 10-cm-diameter petri 
dish between two layers of filter paper (Whatman No. 2, Fisher Scientific, Suwanee, GA 30024) 
and soaked with a 1% (w/v) solution of 2,3,5-triphenyl tetrazolium chloride. Seeds were 
incubated in complete darkness at 30 C for a 24-h period. Seeds whose embryos were stained red 
were classified as viable. Percent viable seed production was calculated by dividing the number 
of viable seed bythe total amount of seeds evaluated and multiplying by 100. These data were 
then used to calculate the percent reduction of viable seed compared to the nontreated control. 
 
Progeny Emergence. A subsample of 50 seeds per treatment per replication were sown in a 10-
cm-diameter petri dish filled with a professional growing media and placed in a germination 
chamber with continuous fluorescent light and alternating 20/35 C temperature (Taylorson and 
McWhorter 1969). Petri dishes were irrigated on a daily basis to ensure optimal soil moisture for 
germination and seedling growth. The number of emerged seedlings was counted at 7, 14, and 21 
days after planting (DAP). Emerged seedlings were manually removed after counting. At 21 
DAP, total emergence was determined and expressed as a percentage of the nontreated control 






Statistical Analyses. Data were subjected to ANOVA with the MIXED procedure in JMP. 
Percentage control, viable seed reduction, emergence, and stand reduction were arcsine square-
root transformed prior to analysis to improve normality of the residuals and homogeneity of the 
variances. Data presented in tables are based on nontransformed means based on interpretation of 
the nontransformed data. Application timing, herbicide treatment, and all interactions concerning 
these factors were fixed effects. Year, replication (nested within year), and all interactions 
containing these factors were random effects in the model. Means were separated using Tukey’s 
HSD test at the 5% level of significance. 
 
Results and Discussion 
 
Effect of Application Timing on Johnsongrass Control. Johnsongrass density in 2009 and 
2012 was approximately 70 shoots m
-2
 in the nontreated plots. Year and its interactions were 
considered random effects in the model; therefore, data presented are pooled over years. 
 
Johnsongrass Control. In general, all herbicides evaluated provided acceptable control of 15- 
and 30-cm johnsongrass, except for nicosulfuron which only resulted in 74% control of 30-cm 
johnsongrass 2 WAT (Table 1). Nicosulfuron was ineffective at the 45- and 60-cm timings, 
resulting in only 57 and 26% control 2 WAT, respectively. At 2 WAT, control of 45- and 60-cm 
johnsongrass ranged from 83 to 97% with glyphosate and clethodim. Regardless of application 
rate, glufosinate failed to provide greater than 78% control of 45- or 60-cm tall johnsongrass, 
which was less effective than glyphosate at both timings (Table 1). 
At 4 WAT, glyphosate and clethodim provided 75 to 94% control of johnsongrass up to 





(Table 1). Control of 15- and 30-cm tall johnsongrass with all rates of glufosinate did not differ 
from the glyphosate treatment at either timing 4 WAT. Glyphosate provided at least 91% control 
at both the 45- and 60-cm timings 4 WAT, which was more effective than glufosinate (≤68% 
control) regardless of rate (Table 1). Glyphosate has previously been reported to be more 
effective on perennial weed species than glufosinate. For instance, Pline et al. (2000) reported 
complete regrowth suppression of common milkweed (Asclepias syriaca L.) and horsenettle 
(Solanum carolinense L.) with glyphosate at 2 kg ha
-1
, whereas glufosinate applied at the same 
rate provided only 29 and 43% suppression of the same perennial weeds.  
Glufosinate at 450 and 590 g ha
-1
 controlled 30- and 45-cm johnsongrass 58 to 66% 4 
WAT, which was generally less effective than clethodim (Table 1). Four weeks after application, 
control of johnsongrass larger than 15 cm with nicosulfuron was less effective than both 
glyphosate and clethodim at all timings. Additionally, nicosulfuron provided only 17% control of 
60 cm johnsongrass 4 WAT, which was the lowest level of control observed with any treatment 
across all timings (Table 1). Similarily, Moshier et al. (1988) reported control of small 
johnsongrass plants to be greater than that of larger plants in Kansas.  
 
Stand Reduction. The interaction of herbicide treatment by timing was significant (P < 0.0001) 
for johnsongrass stand reduction. At 4 WAT, glyphosate and clethodim provided 88 to 98% 
stand reduction of johnsongrass that was 15- to 45-cm tall at application (Table 2). Glufosinate 
and nicosulfuron were less effective than glyphosate and clethodim at the same timings, resulting 
in only 64 to 81% stand reduction 4 WAT. Nicosulfuron was generally more effective at the 
earlier timings and efficacy declined as size increased. Steckel and DeFelice (1995) also reported 





At the 60-cm timing, glyphosate reduced johnsongrass stands by an average of 83%, 
which did not differ from clethodim at the same timing (81 to 82% reduction) (Table 2). 
Glyphosate did reduce stands more effectively at the 60-cm timing than all rates of glufosinate.  
Consistent with results of this experiment, Johnson and Frans (1991) reported johnsongrass stand 




Influence of Late-season Herbicide Applications on Johnsongrass Control, Fecundity, and 
Viability. Johnsongrass density in 2009 and 2012 was approximately 82 shoots m
-2
 in the 
nontreated plots. Because year and interactions containing year were considered as random 
effects in the model, data presented are pooled over years.  
 
Johnsongrass Control. The effect of herbicide treatment by timing on johnsongrass control was 
significant (P <0.0001). With the exception of the 1X field use-rate of glyphosate, control 
diminished significantly after panicle emergence for all treatments evaluated (Table 3). At 3 
WAT, glyphosate at 840 g ha
-1 
provided at least 89% johnsongrass control when applied at the 
boot and ermerged panicle stages, which was more effective than the 1/2X glyphosate treatment 
at both timings. Irrespective of rate or timing, glyphosate provided greater johnsongrass control 
than glufosinate, which failed to provide more than 42% control at any of the rates evaluated. 
Johnsongrass control with both rates of clethodim ranged from 29 to 51% across timings, which 
did not differ from glyphosate at 420 g ha
-1
. Control with clethodim was greater than the lowest 
rate of glufosinate at the boot timing, and all rates of glufosinate, except the highest rate three 
weeks after the emerged panicle timing. Similar to the results of this experiment, Parochetti et al. 
(1975) reported up to 97% control with glyphosate at 560 to 3,360 g ha
-1





heading stage of johnsongrass. Additionally, in previous research, applications of clethodim 
following a residual herbicide to red rice (Oryza sativa L.) at the tillering stage improved red rice 
control and resulted in nearly complete prevention of seed head production (Askew et al. 1998) 
 
Stand Reduction. The interaction of herbicide treatment by timing was significant (P<0.0001) 
for johnsongrass stand reduction 3 WAT. Similar to johnsongrass control, glyphosate at 840 g 
ha
-1
 was the most effective treatment at both application timings, reducing johnsongrass stands 
by at least 94% 3 WAT (Table 3). Both rates of clethodim applied at the boot stage reduced 
johnsongrass stands more consistently than the two lowest rates of glufosinate. Stand reduction 
for all treatments did not differ between the emerged panicle and boot stages. Johnsongrass stand 
reduction for all herbicide treatments, with exception of the high rate of glyphosate, ranged from 
38 to 55% 3 WAT and all were less effective than the 94% provided by the full rate of 
glyphosate (Table 3).  
 
Viable Seed Reduction. The herbicide treatment by timing interaction was significant 
(P=0.0017) for viable seed reduction. At the boot stage, viable seed production by glyphosate- 
and clethodim-treated plants was reduced by at least 97%, which did not differ from glufosinate 
at 740 g ha
-1
 at the same application timing (94% reduction) (Table 4). Plants treated with 
glyphosate at 840 g ha
-1
 at the emerged panicle stage produced a total of 290 seed; however, only 
6 or 2% of these seed were viable. All other treatments were less effective than glyphosate when 
applied at the emerged panicle stage, reducing viable seed production only 67 to 78%. Shuma et 





(Avena fatuaL.) and annual ryegrass (Lolium multiflorum Lam.) was reduced at least 90% with 
an application of glyphosate prior to anthesis.  
 
Total Progeny Emergence. The interaction of herbicide treatment by timing was significant 
(P<0.0001) for total emergence of progeny seedlings. Irrespective of rate, total progeny seedling 
emergence from plants treated with glyphosate at the boot stage was reduced at least 87%, which 
was similar to either clethodim rate (Table 4). Glyphosate applied at the boot stage reduced 
progeny seedling emergence more than all rates of glufosinate. Once the panicle had emerged 
from the sheath, glyphosate was less effective in reducing emergence of progeny compared to an 
application of glyphosate at boot. For all other herbicides, emergence of progeny did not differ 
between late-season timings. Similar to the results of this experiment, Clay and Griffin (2000) 
found that progeny seedling emergence of common cocklebur (Xanthium strumariam L.) and 
hemp sesbania plants treated with glyphosate at initial seed set had 94 to 97% reduced progeny 
emergence; however, progeny of plants of the same species treated with glyphosate from mid-
seed fill to physiological maturity had only 2 to 55% reduction in emergence depending upon 
species. Furthermore, Ferrell et al. (2003) reported that applications of clethodim at 4 or 6 weeks 
after mowing reduced centipedegrass (Eremochloa ophiuroides(Munro) Hack) progeny 
germination by 17 to 20%. Additionally, Bovey et al. (1999) reported that glufosinate used as a 
preharvest desiccant did not adversely affect subsequent emergence of grain sorghum [Sorghum 
bicolor (L.) Moench]. 
 
Hundred Seed Weight. The herbicide treatment by timing interaction was significant (P=0.0091) 





weight of johnsongrass compared to the nontreated check (Table 4). Seed weight is an indicator 
of seedling vigor (Steadman et al. 2006). Glufosinate also negatively affected seed weight at the 
boot stage, but no herbicide affected seed weight when applied once the panicle emerged from 
the sheath. Similar results were reported by Shuma et al. (1995) and Clay and Griffin (2000) in 
that the effects of late-season applications of glyphosate decreased as seed development of wild 
oat, common cocklebur, hemp sesbania, and sicklepod progressed. 
The results of this research demonstrate the value of a late-season herbicide application, 
most notably glyphosate or clethodim, for reducing johnsongrass fecundity and seedling vigor. 
With the exception of glyphosate at the recommended field-use rate for glyphosate-resistant 
soybean (840 g ha
-1
), late-season johnsongrass control with herbicides was marginal at best,but 
all evaluated herbicides can to some extent be beneficial in reducing the impact that johnsongrass 
escapes have on replenishment of the soil seedbank and subsequently reduce johnsongrass 
density. Although seed production and progeny seedling vigor can be reduced, ultimately some 
johnsongrass seed will be produced following herbicide applications. Use of late-season 
herbicide applications to reduce or prevent seed production should be used as a tool in a 
systematic weed control program that emphasizes other resistance-management tactics rather 




The objectives of this research were to determine the impact of herbicide selection and 
application timing on johnsongrass control and determine the influence of late-season herbicide 
applications on johnsongrass control, fecundity, and viability. Results showed that in general, 





herbicide selection is critical for control of larger plants and requires the use of a systemic 
herbicide such as glyphosate or clethodim. Furthermore, a late-season application of glyphosate 
or clethodim is a potential option for growers to reduce seed production from johnsongrass 
escapes, which would reduce population levels in the soil seedbank and minimize spread to other 
production areas. In addition, the ability of glyphosate and clethodim to reduce seed weight, 
viable seed production, and total emergence of progeny seedlings would reduce future 
johnsongrass infestations, which would allow for allocation of time and cost required to manage 







Table 1. Effect of herbicide treatment and application timing on johnsongrass control 2 and 4 WAT in Fayetteville, AR averaged over 












Rate 15 cm 30 cm 45 cm 60 cm  15 cm 30 cm 45 cm 60 cm 






Glyphosate  840 98 a 96 abc 97 ab 89 a-d 
 
88 abc 87 abc 93 a 91 ab 
Glufosinate  450 93 abc 88 a-e 71 gh 65 hi 
 
66 c-f 66 c-f 58 ef 56 ef 
Glufosinate  590 94 abc 90 a-d 75 e-h 69 hi 
 
72 a-f 66 c-f 61 def 57 ef 
Glufosinate  740 96 abc 91 a-d 78 d-g 74 fgh 
 
75 a-f 72 a-f 68 b-f 63 def 
Clethodim  68 96 abc 94 abc 86 a-f 83 c-g 
 
85 a-d 91 ab 76 a-e 75 a-f 
Clethodim 136 97 ab 97 ab 91 a-d 85 b-g 
 
87 abc 94 a 86 abc 76 a-e 
Nicosulfuron 35 90 a-d 74 fgh 57 i 26 j 
 
72 a-f 63 def 52 f 17 g 
a
 Means having different lowercase letters for johnsongrass control across application timings within WAT rating are significantly 
different based on Tukey’s HSD at 0.05.   
b 
Applications of clethodim contained crop oil concentrate at 1% v/v and nicosulfuron contained nonionic surfactant at 0.25% v/v as 








Table 2. Impact of herbicide treatment and application timing on percent johnsongrass stand reduction 4 WAT 









































































 Means having different lowercase letters for johnsongrass stand reduction across timings are significantly 
different based on Tukey’s HSD at 0.05.   
b
 Percent stand reduction was calculated by dividing the number of shoots in treated plots by the number of 
shoots in the nontreated control and multiplying by 100. 
c
 Applications of clethodim contained crop oil concentrate at 1% v/v and nicosulfuron contained nonionic 











Table 3. Effect of late-season herbicide applications on percentage johnsongrass control and stand reduction 3 WAT averaged 









 Rate Boot   Full panicle   Boot    Full panicle 
 




% of nontreated 
_____________________________________________ 










































Glyphosate 840 90 a   89 a   95 a   94 a 
a
Abbreviation: WAT, weeks after treatment. 
b 
Means having different lowercase letters for johnsongrass control or stand reduction across timings are significantly 
different based on Tukey’s HSD (0.05).   
c 
Percentage stand reduction was calculated by diving the number of johnsongrass shoots in treated plots by the number of 
shoots in the nontreated control and multiplying by 100. 
d














Table 4. Effect of late-season herbicides applied at the boot or full panicle stage on seed production, viable seed reduction, total 
progreny emergence and 100-seed weight averaged over 2009 and 2012 at Fayetteville, AR.
 















Boot   
Full 













____________________  mg 






68 a  238 ab  250 ab 






57 ab  226 ab  242 ab 






60 a  197 ab  220 ab 
Clethodim
c






59 ab  137 bc  225 ab 






43 abc  131 bc  214 ab 






44 abc  49 cd  169 abc 
Glyphosate 840 38 290  99 a   98 a   5 e   38 a-d  13 d  165 abc 
nontreated 
___ 











  357 a  357 a 
a
 Data for seed production m
-2
, all seeds produced both viable and nonviable, was excluded from statistical analysis because of lack of 
homogeneity of the variances. 
b
 Means having different lowercase letters for viable seed reduction, cumulative emergence, or 100-seed weight across timings are 
significantly different based on Tukey’s HSD at 0.05.   
c
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Herbicide Programs for Controlling Glyphosate-Resistant Johnsongrass (Sorghum 
halepense) in Glufosinate- and Glyphosate-Resistant Soybean Production Systems 
 
Field experiments were conducted over multiple growing seasons in a production field near West 
Memphis, AR that contained glyphosate-resistant johnsongrass. The goal of this research was to 
develop herbicide programs for glyphosate-resistant johnsongrass in soybean and to evaluate the 
efficacy of preemergence (PRE) and postemergence (POST) herbicides for control of the 
resistant biotype. When applied alone, only clethodim controlled johnsongrass greater than 90% 
at 5 weeks after treatment. All PRE herbicides provided marginal control (<30%) and provided 
no benefit for subsequent POST-applied herbicides in either glufosinate- or glyphosate-resistant 
soybean. In glyphosate-resistant soybean, two applications of glyphosate was not effective 
(≤24% control); however, addition of imazethapyr or imazamox with glyphosate at the V3 
soybean stage followed by clethodim plus glyphosate at the V6 soybean stage or sequential 
applications of glyphosate + clethodim provided at least 97% control. In glufosinate-based 
systems, johnsongrass control was greater with glufosinate at 590 and 740 g ai ha
-1
 than at 450 g 
ha
-1
, but two applications of glufosinate were more effective than a single application, 
irrespective of rate. The addition of clethodim to sequential applications of glufosinate resulted 
in more consistent control than glufosinate alone. Herbicide programs containing imazethapyr or 
imazamox in combination with glufosinate followed by clethodim plus glufosinate effectively 
controlled johnsongrass. Regardless of technology, glyphosate-resistant johnsongrass can be 
currently controlled in soybean. 
Nomenclature: clethodim; flumioxazin; fomesafen; glufosinate; glyphosate; imazamox; 
imazethapyr; johnsongrass, Sorghum halepense(L.) Pers.; soybean, Glycine max(L.) Merr. 





Prior to commercialization of glyphosate-resistant (GR) crops, glyphosate was mainly 
used to control weeds prior to planting crops, to control troublesome weeds in spot treatments or 
through selective applicators, and as a preharvest desiccant (McWhorter and Williford 1980; 
McWhorter 1989; Shaw and Arnold 2002). The release of GR crops allowed growers to use 
glyphosate for in-crop postemergence (POST) weed control, which has had a profound effect on 
row-crop agriculture in several countries (Powles 2008). Soybean was the first GR crop to 
become commercially available in 1996, but cotton (Gossypium hirsutum L.), corn (Zea mays 
L.), and canola (Brassica napus L.) soon followed (Dill 2005). Immediately following 
commercialization, the GR technology was rapidly adopted by soybean growers especially in the 
U.S. and Argentina where the planted acreage today consists almost solely of GR cultivars (Duke 
and Powles 2009). Wide-spread planting of GR crops and the in-crop use of glyphosate 
alleviated many weed problems that growers had struggled with prior to launch of the technology 
(Johnson et al. 2013). 
Johnsongrass has historically been one of the most problematic weeds infesting row crops 
in the southern U.S. (Buchanan 1974; Elmore 1983; Webster and Coble 1997). Traditional 
johnsongrass control tactics consisted of soil-incorporated dinitroanaline (DNA) herbicides prior 
to crop sowing, in-row cultivation, physical plant removal, and spot treatments with non-
selective POST herbicides (McWhorter 1989). Control options were improved in the 1980’s 
through the release of several POST ACCase-and ALS-inhibiting herbicides. These herbicides 
provided highly effective control of many troublesome grass weeds including johnsongrass. 
However, the success of the previously mentioned herbicides was short lived. These highly 
effective herbicides were repeatedly relied upon for johnsongrass control, which subsequently 





Heap 2013). Fortunately, confirmation of johnsongrass biotypes resistant to the ACCase- and 
ALS-inhibiting herbicides coincided with the commercialization of GR crop technology. 
Because of its effectiveness on a broad spectrum of weed species at various growth stages 
growers began to rely solely on glyphosate for weed control and quite commonly glyphosate was 
applied at reduced rates. Repeated use of a single mode of action (MOA), use of reduced rates, 
and application of herbicides to weeds that are too large are several factors that can contribute to 
the evolution of resistance to a particular herbicide or family of herbicides and glyphosate was 
certainly no exception (Norsworthy et al. 2012). Since GR crops became commercially available 
in 1996, 14 weed species have evolved resistance to glyphosate in the U.S., including 
johnsongrass (Norsworthy et al. 2008; Riar et al. 2011; Stephenson et al. 2011; Heap 2013).With 
the loss of glyphosate as an effective johnsongrass control option, growers will be forced to rely 
upon marginally effective mechanical and cultural control measures along with the herbicides 
used prior to GR crops (Bridges and Chandler 1987; McWhorter 1989; Smeda et al. 1997; Burke 
et al. 2006; Heap 2013).Therefore, control of johnsongrass with these herbicides must be used in 
a systems approach containing multiple effective MOAs to mitigate the evolution and spread of 
herbicide-resistant johnsongrass biotypes. 
One potential option for control of glyphosate-resistant johnsongrass in soybean is the 
use of glufosinate in glufosinate-resistant soybean. Glufosinate is a nonselective POST-applied 
herbicide that prevents the transformation of glutamate and ammonia into glutamine, which 
subsequently results in destruction of the chloroplast and the eventual cessation of 
photosynthesis (Everman et al. 2009; Coetzer and Al-Khatib 2001; Culpepper et al. 2000; 
Devine et al. 1993; Hinchee et al. 1993). Prior to the release of glufosinate-resistant crops, 





in minimum or no-till production systems (Lyon 1991; Bruce and Kells 1990; Wilson et al. 
1985). Glufosinate provides effective control of a broad spectrum of weeds, many of which are 
troublesome weeds commonly found in crop production fields in the southern U.S. (Corbett et al. 
2004; Beyers et al. 2002; Norris et al. 2002; Culpepper et al. 2000; Steckel et al. 1997). Like all 
herbicides glufosinate has strengths but it also has weaknesses. Generally, glufosinate is more 
effective on annual broadleaf species than grasses, especially large grasses (Gardner et al. 2006; 
Corbett et al. 2004; Culpepper et al. 2000; Culpepper and York 1999; Steckel et al. 1997). 
Inconsistent control of perennial species has been reported with glufosinate (Welch and Ross 
1997).The inability of glufosinate to sufficiently control perennial species is a result of 
inadequate translocation of the herbicide belowground to reproductive structures (Bromilow et 
al. 1993). Therefore, effective control of a perennial grass species such as johnsongrass would 
ultimately require multiple applications of glufosinate or tank-mixtures of glufosinate with 
selective grass herbicides. Albeit, Gardner et al. (2006) reported that the addition of glufosinate 
antagonized control of annual grasses and johnsongrass with POST-applied graminicides. 
Similar results were reported by Burke et al. (2005) who concluded that glufosinate antagonized 
goosegrass (Eleusine indica L. Gaertn.) control with clethodim. 
The efficacy of glyphosate for johnsongrass control is well documented (Tingle et al. 
1998; Viator et al. 1998; Rhodes et al. 1998). However, recent confirmation of glyphosate-
resistant johnsongrass in Arkansas, Louisiana, and Mississippi along with known resistance to 
other MOAs raises concern for future management of this once widely troublesome weed. Due 
to the large hectarage of GR crops in cultivation in the U.S., further research is necessary to 
establish effective herbicide programs in GR soybean in the presence of a GR johnsongrass 





affected by rate and application timing. Additional research is also needed on johnsongrass 
control in glufosinate-based systems containing multiple MOAs in combination with glufosinate. 
Therefore, the objectives of this research were 1) to develop effective herbicide programs for the 
control of GR johnsongrass in glufosinate- and glyphosate-resistant soybean production systems 
and 2) to determine the most effective PRE- and POST-applied herbicides for control of GR 
johnsongrass. 
 
Materials and Methods 
 
General Procedures. Six field experiments were conducted over multiple growing seasons in 
the same production field near West Memphis, AR where the first glyphosate-resistant 
johnsongrass biotype was found (Norsworthy et al. 2008; Riar et al. 2011). One experiment was 
conducted in 2009 and 2010 to evaluate the efficacy of a single application of various PRE- and 
POST-applied herbicides in glufosinate-resistant soybean for control of the resistant 
johnsongrass biotype. Five additional experiments were conducted at the same location in 2010 
and 2012 to develop program approaches for control of the glyphosate-resistant biotype in 
glufosinate- and glyphosate-resistant soybean. In glufosinate-resistant soybean, one trial 
consisted of multiple rates of glufosinate applied in sequential applications with and without a 
residual herbicide at planting or a single application following a PRE-applied residual herbicide. 
In another experiment, sequential applications of glufosinate with multiple rates of clethodim in 
one or both POST applications were evaluated for control of the resistant biotype. In the final 
glufosinate-resistant soybean experiment, johnsongrass control was evaluated with sequential 
applications of glufosinate in combination with imazamox or imazethapyr in the first or second 





clethodim in combination with glufosinate. Two similar experiments were also conducted in 
2010 and 2012 to develop effective control programs in glyphosate-resistant soybean. In one 
experiment, sequential applications of glyphosate were evaluated alone or in combination with 
multiple rates of clethodim in the first or second POST application or in both POST applications. 
The final experiment consisted of a single application of glyphosate tank-mixed with clethodim 
following a PRE herbicide, sequential applications of glyphosate alone, and sequential 
applications of glyphosate in various combinations with three other MOAs. 
The experimental site was planted to soybean for at least 10 consecutive years prior to 
initiating research in 2009. In 2009, Halomax 494, a glufosinate-resistant soybean cultivar, was 
planted at 345,000 seed ha
-1 
on June 25 with a four-row no-till planter with 76-cm row spacing in 
8-m-long plots. Prior to planting in 2010 and 2012, the trial area was disked multiple times and 
tilled with a field cultivator. Asgrow 5605, a glyphosate-resistant soybean cultivar, and Halomax 
494, a glufosinate-resistant soybean cultivar, were drill-seeded at 430,000 seed ha
-1 
on May 19, 
2010 and June 14, 2012 with a nine-row drill with 18-cm row spacing in 8-m-long plots. The soil 
was a Sharkey clay (very-fine montmorillonitic, nonacid, thermic, Vertic Haplaquepts) with 
1.8% organic matter and a pH of 6.2. In 2009 and 2010, experiments were conducted under 
dryland conditions, but in 2012, experiments were irrigated as needed by the cooperator with a 
center-pivot irrigation system. In all years, soybean was grown commercially in the field where 
the experimental site existed; hence, the irrigation in 2012 was at the discretion of the grower.   
Precipitation data for 2009 and 2010 are provided in Table 1. 
All treatments were applied with a CO2-pressurized backpack sprayer consisting of a 
handheld boom that contained four 110015 flat-fan nozzles (Teejet Technologies, Springfield, IL 
62703) on 48-cm spacing and calibrated to deliver 140 L ha
-1





to 25-cm tall at the time of the first POST application 3 weeks after soybean emergence (WAE) 
and 45- to 70-cm at the time of the second POST application 6 WAE. Visual estimates of 
johnsongrass control on a scale of 0 to 100%, where 0 = no control and 100 = complete plant 
mortality were taken at 3 and 6 WAE and again 4 weeks after the final application. Yield data 
was unable to be collected for the experiment conducted in 2009 and 2010 evaluating the 
efficacy of a single application of various PRE- and POST-applied herbicides for johnsongrass 
control because of heavy weed infestations at crop maturity. However, all other experiments 
conducted in 2010 and repeated in 2012 were harvested with a small-plot combine by harvesting 
the innermost seven rows (124 cm) within a plot. Soybean was then adjusted to 13% moisture, 
and yields were calculated. 
Data were analyzed using ANOVA with the MIXED procedure in JMP with herbicide 
treatment as a fixed effect and year as a random effect. Year, replication (nested within year), 
and any interactions containing either variable were considered as random effects. This approach 
has previously been successful in allowing inferences to be made about the behavior of 
treatments over multiple environmental conditions (Carmer et al. 1989; Hager et al. 2003; Otis et 
al. 2004; Stephenson et al. 2004; Bond et al. 2005; Zhang et al. 2005; Bond and Oliver 2006; 
Bond et al. 2006). Means were separated using Tukey’s HSD at a 5% level of significance. 
Additionally, to determine the effect of different herbicide treatments on johnsongrass control 
and soybean yield, the mixed procedure in JMP was used to test preplanned single-degree of 
freedom contrast. Preplanned contrasts were conducted to compare programs with a PRE versus 
total POST programs, programs containing clethodim versus programs without clethodim, 
clethodim at 3 WAE versus clethodimat 6 WAE, and one versus two applications of clethodim in 





of glufosinate-based systems contrast were run to compare single and sequential applications of 
glufosinate following a PRE or a single application following a PRE versus a total POST 
sequential program. 
 
Efficacy of PRE-and POST-applied Soybean Herbicides on Glyphosate-Resistant 
Johnsongrass. Field experiments were conducted in 2009 and 2010 in a production field near 
West Memphis, AR. The experiment was a randomized complete block (RCB) design with each 
treatment replicated four times. The experiment consisted of only a single application of a PRE 
herbicide at planting or a POST herbicide applied 3 WAE to 15-to 25-cm tall johnsongrass. 
Soybean yield data were not collected due to heavy weed infestation at soybean maturity. 
The experiment consisted of eight PRE-applied herbicides and seven POST-applied 
herbicides, which accounted for six different MOAs. Herbicide treatments consisted of: 1) S-
metolachlor at 1,420 g ai ha
-1
 PRE; 2) flumioxazin at 71 g ai ha
-1
 PRE; 3) fomesafen at 420 g ai 
ha
-1
 PRE; 4) S-metolachlor at 1,215 g ha
-1
 + fomesafen at 266 g ha
-1
 PRE; 5) pendimethalin at 
1,120 g ai ha
-1
 PRE; 6) metribuzin at 560 g ai ha
-1
 PRE; 7) alachlor at 2,800 g ai ha
-1
 PRE; 8) 
acetochlor at 2,930 g ai ha
-1
 PRE; 9) fomesafen at 395 g ai ha
-1
 POST; 10) clethodim at 136 g ai 
ha
-1
 POST; 11) quizalofop at 77 g ai ha
-1
 POST; 12) sethoxydim at 210 g ai ha
-1
 POST; 13) 
fluazifop at 210 g ai ha
-1
 POST; 14) imazethapyr at 70 g ai ha
-1
 POST; 15) imazamox at 44 g ai 
ha
-1
 POST, and 16) a nontreated control. All POST herbicides except fomesafen contained either 







Effect of Glufosinate Rate and Application Sequence on Glyphosate-Resistant 
Johnsongrass Control. Experiments were conducted in 2010 and 2012 in a production field 
near West Memphis, AR. Treatments were arranged in a RCB design with each treatment 
replicated four times. The experiment consisted of multiple rates of glufosinate applied in 
sequential applications at 3 and 6 WAE with and without a residual herbicide at planting versus a 
single application 6 WAE following a PRE-applied residual herbicide. Treatments evaluated 
were: 1) flumioxazin at 71 g ha
-1
 PRE followed by (fb) glufosinate at 450 g ai ha
-1
 6 WAE; 2) 
flumioxazin at 71 g ha
-1
 PRE fb glufosinate at 450 g ha
-1
 3 WAE fb glufosinate at 450 g ha
-1 
6 
WAE; 3) flumioxazin at 71 g ha
-1
 PRE fb glufosinate at 590 g ha
-1
 6 WAE; 4) flumioxazin at 71 
g ha
-1
 PRE fb glufosinate at 590 g ha
-1
 3 WAE fb glufosinate at 590 g ha
-1 
6 WAE; 5) 
flumioxazin at 71 g ha
-1
 PRE fb glufosinate at 740 g ha
-1
 6 WAE; 6) flumioxazin at 71 g ha
-1
 
PRE fb glufosinate at 590 g ha
-1
 3 WAE fb glufosinate at 590 g ha
-1 
6 WAE; 7) glufosinate at 
450 g ha
-1
 3 WAE fb glufosinate at 450 g ha
-1
 6 WAE; 8) glufosinate at 590 g ha
-1
 3 WAE fb 
glufosinate at 590 g ha
-1
 6 WAE; 9) glufosinate at 740 g ha
-1
 3 WAE fb glufosinate at 740 g ha
-1
 
6 WAE; and 10) a nontreated control. 
 
Single vs. Sequential Applications of Clethodim in Combination with Glufosinate. Field 
experiments were conducted near West Memphis, AR in 2010 and 2012 in a RCB design with 
four replications. The experiment consisted of sequential applications of glufosinate at 450 g ha
-1
 
applied alone or in combination with various rates of clethodim at 3 or 6 WAE or sequentially. 
The following treatments were evaluated: 1) glufosinate 3 WAE fb glufosinate 6 WAE; 2) 
glufosinate + clethodim at 68 g ha
-1
 3 WAE fb glufosinate 6 WAE; 3) glufosinate + clethodim at 
102 g ha
-1
 3 WAE fb glufosinate 6 WAE; 4) glufosinate + clethodim at 136 g ha
-1





glufosinate 6 WAE; 5) glufosinate 3 WAE fb glufosinate + clethodim at 68 g ha
-1
 6 WAE; 6) 
glufosinate 3 WAE fb glufosinate + clethodim at 102 g ha
-1
 6 WAE; 7) glufosinate 3 WAE fb 
glufosinate + clethodim at 136 g ha
-1
 6 WAE; 8) glufosinate + clethodim at 68 g ha
-1
 3 WAE fb 
glufosinate + clethodim at 68 g ha
-1
 6 WAE; 9) glufosinate + clethodim at 102 g ha
-1
 3 WAE fb 
glufosinate + clethodim at 102 g ha
-1
 6 WAE; 10) glufosinate + clethodim at 136 g ha
-1
 3 WAE 
fb glufosinate + clethodim at 136 g ha
-1
 6 WAE; and 11) a nontreated control. Applications of 
clethodim in combination with glufosinate contained 1% v/v of a crop oil concentrate. 
 
Herbicide Programs in Glufosinate-Resistant Soybean. Experiments were conducted in 2010 
and 2012 in the same production field near West Memphis, AR that the original glyphosate-
resistant johnsongrass biotype was initially reported. The experiment was conducted in a RCB 
design with four replications. The experiment consisted of sequential applications of glufosinate 
at 450 g ha
-1
applied alone or in combination with additional MOAs. The following herbicide 
treatments were evaluated with and without a PRE application of S-metolachlor at 1,215 g ha
-1
 + 
fomesafen at 266 g ha
-1
. POST herbicide applications consisted of: 1) glufosinate 3 WAE fb 
glufosinate 6 WAE; 2) glufosinate + imazamox at 44 g ha
-1
 3 WAE fb glufosinate + clethodim at 
136 g ha
-1
 6 WAE; 3) glufosinate + clethodim at 136 g ha
-1 
3 WAE fb glufosinate + imazamox at 
44 g ha
-1
 6 WAE; 4) glufosinate + imazethapyr at 70 g ha
-1
 3 WAE fb glufosinate + clethodim at 
136 g ha
-1
 6 WAE; 5) glufosinate + clethodim at 136 g ha
-1 
3 WAE fb glufosinate + imazethapyr 
at 70 g ha
-1
 6 WAE; and 6) glufosinate + clethodim at 68 g ha
-1 
3 WAE fb glufosinate + 
clethodim at 68 g ha
-1
 6 WAE. A nontreated control was included for comparison. Applications 
including clethodim, imazamox, or imazethapyr contained either 1% v/v of a crop oil concentrate 





Effect of Clethodim Rate and Application Sequence in Glyphosate-Resistant Soybean. Field 
experiments were conducted in 2010 and 2012 near West Memphis, AR. The experimental 
design was a RCB with four replications. The experiment consisted of sequential applications of 
glyphosate at 840 g ae ha
-1 
applied alone or tank-mixed with various rates of clethodim at 3 or 6 
WAE or sequentially (3 and 6 WAE). Treatments evaluated in the experiment included: 1) 
glyphosate fb glyphosate; 2) glyphosate + clethodim at 68 g ha
-1 
fb glyphosate; 3) glyphosate + 
clethodim at 102 g ha
-1 
fb glyphosate; 4) glyphosate + clethodim at 136 g ha
-1 
fb glyphosate; 5) 
glyphosate fb glyphosate + clethodim 68 g ha
-1
; 6) glyphosate fb glyphosate + clethodim 102 g 
ha
-1
; 7) glyphosate fb glyphosate + clethodim 136 g ha
-1
; 8) glyphosate + clethodim 68 g ha
-1 
fb 
glyphosate + clethodim 68 g ha
-1
; 9) glyphosate + clethodim 102 g ha
-1 
fb glyphosate + 
clethodim 102 g ha
-1
 10) glyphosate + clethodim 136 g ha
-1 
fb glyphosate + clethodim 136 g ha
-1
, 
and 11) a nontreated control. 
 
Herbicide Programs for Glyphosate-Resistant Johnsongrass in Glyphosate-Resistant 
Soybean. Field experiments were conducted in 2010 and 2012 near West Memphis, AR. The 
experimental design was a RCB with four replications. The experiment consisted of a PRE fb a 
single application of glyphosate plus clethodim 6 WAE, sequential applications of glyphosate 
alone at 3and 6 WAE, and sequential applications of glyphosate in combination with one of three 
herbicide MOAs applied at 3 and 6WAE. Glyphosate was applied at 840 g ha
-1
 in all treatments. 
Programs evaluated consisted of: 1) flumioxazin at 71 g ha
-1
 PRE fb glyphosate + clethodim at 
136 g ha
-1
 6 WAE; 2) glyphosate 3 WAE fb glyphosate 6 WAE; 3) glyphosate + clethodim at 
136 g ha
-1
 3 WAE fb glyphosate + imazamox at 44 g ha
-1
 6 WAE 4) glyphosate + imazamox at 
44 g ha
-1
 3 WAE fb glyphosate + clethodim at 136 g ha
-1







 3 WAE fb glyphosate + imazethapyr at 70 g ha
-1
 6 WAE; 6) glyphosate + imazethapyr 
at 70 g ha
-1
 3 WAE fb glyphosate + clethodim at 136 g ha
-1
 6 WAE; 7) glyphosate + clethodim at 
136 g ha
-1
 3 WAE fb glyphosate + fomesafen at 395 g ha
-1
 6 WAE; 8) glyphosate + fomesafen at 
395 g ha
-1
 3 WAE fb glyphosate + clethodim at 136 g ha
-1
 6 WAE; 9) glyphosate + clethodim at 
68 g ha
-1
 3 WAE fb glyphosate + clethodim at 68 g ha
-1
 6 WAE; and 10) a nontreated control. 
 
Results and Discussion 
 
Effectiveness of PRE- and POST-Applied Herbicides for Controlling Glyphosate-Resistant 
Johnsongrass. Johnsongrass density was approximately 64 shoots m
-2
 in the nontreated control 
plots at the time POST treatments were applied in 2009 and 2010. In 2009, PRE-applied 
herbicides did not receive an activating rainfall for nearly 2 weeks after treatment (WAT), but 
rainfall occurred approximately one week after PRE applications were made in 2010 (Table 1).  
In both years, adequate soil moisture was available at the time of POST applications (Table 1). 
At 3 WAT, no PRE-applied herbicide provided more than 29% control, which may be attributed 
to there being mostly rhizomatous johnsongrass in the field (Table 2). Consistent with the results 
of this experiment, VanGessel (1999) reported 33 to 78% control of seedling johnsongrass with 
PRE applications of S-metolachlor, pendimethalin, and metribuzin. Control with the POST-
applied herbicides was not much more effective, with only clethodim and imazamox providing 
greater than 80% johnsongrass control at 3 WAT. Control with all other POST herbicides ranged 
from 37 to 74% at 3 WAT (Table 2).   
By 5 WAT, clethodim provided 92% johnsongrass control, which was comparable to 
control achieved with quizalofop, sethoxydim, and imazamox (Table 2). Clethodim is a highly 





1999), but the lack of effective control with fluazifop and quizalifop at 3 WAE was initially 
surprising. Since the initiation of this research, additional experiments have been conducted on 
the johnsongrass biotype present in this field, and it has been found to be resistant to the 
aryloxyphenoxy propionic acid family of herbicides (the “fops”) as a result of a point mutation in 
acetyl coenzyme-A carboxylase (nonpublished data). In a greenhouse experiment, seedling 
plants of the same glyphosate-resistant johnsongrass biotype had up to 20% survival of plants 
treated with fluazifop at 840 g ha
-1
(Johnson et al. 2011), which is four-times higher than the 
recommended field-use rate of 210 g ha
-1
(Anonymous 2013a). This is actually the first global 
herbicide-resistant johnsongrass biotype that exhibits multiple herbicide resistance. 
 
Effect of Glufosinate Rate in Single and Sequential Applications for Glyphosate-Resistant 
Johnsongrass Control. Johnsongrass density in the nontreated control was approximately 55 
shoots m
-2
 in 2010 and 2012. No treatment caused more than 5% injury to soybean at any 
evaluation (data not shown). At 6 WAE, only the PRE and initial POST treatments 
(approximately V3 soybean) had been applied. Flumioxazin PRE did not provide effective 
johnsongrass control at 6 WAE; however, control improved to 75% when flumioxazin was 
followed by glufosinate in the first POST application at 3 WAE. Glufosinate at 450 g ha
-1
 was 
less effective than the two higher rates evaluated in sequential applications and a single 
application of glufosinate was less effective than multiple applications, regardless of application 
rate (Table 3). Consistent with the results of this experiment, Steckel et al. (1997) found that the 
efficacy of glufosinate on several annual weed species was influenced by rate as well as weed 





labeled rate of glufosinate in soybean was 450 g ha
-1
; however, the labeled rate has since 
increased to 590 g ha
-1
 in glufosinate-resistant soybean. 
At 10 WAE, johnsongrass control with flumioxazin PRE fb glufosinate at 6 WAE was 
less than 68%, regardless of the glufosinate rate (Table 3). Conversely, sequential applications of 
glufosinate at 3 and 6 WAE provided up to 97% control with the highest rates providing the most 
effective control. Kelly et al. (2005) and Stephenson et al. (2011) also reported that a single 
application of glufosinate generally does not provide effective control of johnsongrass. 
No differences were found in soybean yield among herbicide programs, with yields 




Single vs. Sequential Applications of Clethodim in Combination with Glufosinate. 
Johnsongrass density in the nontreated control plots averaged 49 shoots m
-2
 in 2010 and 2012. 
Injury to soybean induced by the herbicide treatments was <5% at all evaluations (data not 
shown). At 6 WAE, treatments containing clethodim in the first POST application (3 WAE and 
V3 soybean) in combination with glufosinate resulted in greater than 90% johnsongrass control, 
regardless of clethodim rate (Table 4). A single glufosinate application at 450 g ha
-1
 at 3 WAE 
controlled johnsongrass 69 to 74% at 6 WAE, which was less than the control provided by the 
same rate of glufosinate in combination with clethodim. 
At 10 WAE, two applications of glufosinate at 450 g ha
-1
 controlled johnsongrass 83% 
(Table 4). Regardless of clethodim rate, johnsongrass control at 10 WAE ranged from 94 to 99% 
with treatments that contained clethodim in combination with glufosinate in the first POST or in 
both POST applications (Table 4). Results of this experiment are consistent with those of 





glufosinate in combination with clethodim. However, clethodim at 136 g ha
-1 
was the only rate 
that resulted in greater than 90% johnsongrass control when applications were delayed until the 
last POST treatment, evidence that applications must be timely. The lower clethodim rates were 
unable to effectively control johnsongrass because the initial glufosinate application provided 
marginal control, allowing the plants to continue growth, rendering them too large for control by 
6 WAE (johnsongrass plants were 45- to 70-cm tall by the 6 WAE application). 
Despite differences in johnsongrass control among treatments, soybean yields were 
similar among all herbicide programs, ranging from 2,290 to 3,160 kg ha
-1
 (Table 4). 
 
Herbicide Programs in Glufosinate-Resistant Soybean. Johnsongrass shoot density averaged 
over 2010 and 2012 was 37 shoots m
-2
. No soybean injury was observed throughout the growing 
season (data not shown). 
Herbicide programs consisted of two applications of glufosinate at 450 g ha
-1
 applied 
alone or in combination with additional herbicides following a residual herbicide at planting and 
in a total-POST program. Three weeks after the initial POST application, control of johnsongrass 
with glufosinate alone was no more than 82%. When clethodim was applied in combination with 
glufosinate, johnsongrass control was at least 97% by 6 WAE, which was greater than the 
control levels observed with imazethapyr or imazamox in combination with glufosinate (Table 
5). 
Two applications of glufosinate alone controlled johnsongrass no more than 83% at 10 
WAE, which was the lowest level of control following any herbicide treatment (Table 5). Similar 
results were reported by Wilson et al. (2010) where less than 70% johnsongrass control was 
observed following sequential applications of glufosinate at 450 g ha
-1





combination with glufosinate applied 6 WAE improved johnsongrass control with herbicide 
programs containing imazamox or imazethapyr in the first POST application from 85 and 86% at 
6 WAE to at least 94% by 10 WAE. Control remained high (98% control) through 10 WAE 
when clethodim was applied at 6 WAE.  
Johnsongrass control did not influence soybean yield, with yields ranging from 2,690 to 
3,160 kg ha
-1
 across herbicide treatments. 
 
Effect of Clethodim Rate and Application Sequence in Glyphosate-Resistant Soybean. 
Glyphosate-resistant johnsongrass density in the nontreated control plots was approximately 54 
shoots m
-2
 in 2010 and 2012 and mainly consisted of rhizome johnsongrass. In both years, 
soybean injury was minimal (<5%) at all evaluations (data not shown). 
Herbicide programs consisted of two applications of glyphosate alone or in combination 
with clethodim at different rates and application sequences. At 6 WAE, only the first POST 
application had been applied, and all programs containing clethodim in the first application 
controlled johnsongrass at least 97%, regardless of clethodim rate (Table 6). Conversely, 
programs that contained glyphosate alone in the first POST application were ineffective, 
resulting in less than 20% control 6 WAE, which was expected considering the biotype is 
resistant to glyphosate. 
Sequential applications of glyphosate alone were likewise noneffective, providing only 
12% johnsongrass control 10 WAE (four weeks after final application) (Table 6). Treatments 
containing a single application of clethodim at 136 g ha
-1
 in combination with glyphosate at 
either 3 or 6 WAE controlled johnsongrass at least 94% by late in the season, which was more 





both POST applications provided at least 97% johnsongrass control 10 WAE, regardless of 
clethodim rate. In an earlier field study at two locations in Arkansas, Johnson and Frans (1991) 
reported 81 to 99% johnsongrass control with sequential applications of clethodim at 70 g ha
-1
; 
however with the exception of the 81% control observed in a dry year at Clarkedale, AR in 1988, 
control was at least 90% with sequential applications of clethodim.  
Soybean yield did not differ among herbicide treatments, ranging from 2,490 to 2,960 kg 
ha
-1
. However, all treatments yielded higher than the nontreated control, which yielded 1,210 kg 
ha
-1
 (Table 6). 
 
Herbicide Programs Containing Multiple Modes of Action in Glyphosate-Resistant 
Soybean. Johnsongrass density in the nontreated control plots was approximately 47 shoots m
-2
 
in 2010 and 2012. Minimal soybean injury (<5%) was observed with all treatments at all 
evaluations (data not shown). 
Herbicide programs consisted of two applications of glyphosate alone or in combination 
with additional herbicides and a single application of glyphosate in combination with clethodim 
following a PRE-applied herbicide. At 6 WAE, only the PRE and 3 WAE POST treatments had 
been applied. At 6 WAE, glyphosate in combination with clethodim controlled johnsongrass at 
least 96%, regardless of rate (Table 7). Flumioxazin at 71 g ha
-1
 PRE and glyphosate alone or in 
combination with fomesafen at 3 WAE were the least effective treatments at 6 WAE, providing 
only 15 to 26% johnsongrass control. In other research, Shaw and Arnold (2002) reported only 
28% control of seedling johnsongrass with fomesafen at 240 g ha
-1
. Glyphosate + imazamox 
applied at 3 WAE resulted in 89% johnsongrass control 6 WAE, which was greater than 





less effective than glyphosate in combination with clethodim (96 to 99% control). Ineffective 
control of glyphosate-resistant johnsongrass with combinations of glyphosate and imazethapyr is 
similar to previous field research conducted by Shaw et al. (1990) who reported no more than 
73% control of 15- to 60-cm rhizomatous johnsongrass two weeks after a single application of 
imazethapyr at 70 g ha
-1
. 
By 10 WAE, applications of glyphosate alone at 3 and 6 WAE had provided only 24% 
johnsongrass control (Table 7). The inability of two applications of glyphosate to provide 
acceptable johnsongrass control resulted in soybean yield reduction at harvest.  Plots treated with 
two applications of glyphosate yielded only 2,020 kg ha
-1
, which was not different from the 
nontreated control (1,480 kg ha
-1
). Programs consisting of sequential applications of glyphosate 
+ clethodim at 68 g ha
-1
 and programs with a single application of clethodim at 136 g ha
-1
 in one 
of the POST applications and imazethapyr or imazamox in the other POST application resulted 
in at least 97% control. Treatments with clethodim and fomesafen in combination with 
glyphosate, regardless of the sequence of application, were not as effective, providing only 83% 
control at 10 WAE. Despite differences in johnsongrass control, soybean yields with all 
herbicide treatments, excluding glyphosate alone, did not differ, ranging from 2,690 to 3,230 kg 
ha
-1
 (Table 7). 
Upon evaluation of herbicide programs and soybean yield, results of this research present 
soybean producers with herbicide programs in glyphosate- and glufosinate-resistant soybean 
production systems that will effectively control glyphosate-resistant johnsongrass. Furthermore, 
this research demonstrates that effective control of glyphosate-resistant johnsongrass can be 
achieved using multiple MOAs without placing sole reliance upon a single MOA. Although 





with glyphosate, these are not sustainable control options because clethodim is the only effective 
MOA being utilized in these programs, which places tremendous selection pressure on this 
herbicide. With resistance to the ACCase-inhibiting herbicides occuring not only within this 
biotype (‘fops’ only) but as well in surrounding states, it is crucial that herbicide programs 
containing multiple effective herbicide chemistries be used for control of johnsongrass. Use of 
diversified herbicide programs containing more than one MOA is an excellent strategy for 
protecting the existing effective herbicide MOAs that are currently available while also 
effectively managing herbicide-resistant weeds (Norsworthy et al. 2012).   
Despite previous confirmations of herbicide-resistant weeds and the recent influx of 
glyphosate-resistant species in the past decade, growers remain hesitant to adopt and implement 
weed control programs that employ multiple effective MOAs on the most difficult-to-control 
weeds that are the most likely suspects to evolve resistance. Reluctance of growers to adopt 
proactive resistance management practices stems from the increase in current production costs 
associated with such a practice and the uncertainty of the benefits it will provide. In assessing the 
increased production cost of herbicide resistance to growers, Mueller et al. (2005) and Orson 
(1999) concluded that the cost of proactive measures to prevent herbicide resistance are often 
less than the cost of the reactive management practices required once resistance has evolved. 
Furthermore, herbicides are seldom again effective once herbicide resistance has evolved, even 
when the herbicide is removed from the weed control program for several years. Hence, 
implementing proactive resistance management programs using multiple effective MOAs as 











Successful resistance management must be strategically based on a combination of 
chemical, cultural, and mechanical control practices. Johnsongrass is not the prototypical 
herbicide-resistant weed and most control tactics utilized for other troublesome glyphosate-
resistant weeds species provide only marginal control of johnsongrass. Furthermore, it is 
commonly believed among growers that herbicide-resistant weed species will always be 
combated with the introduction of new herbicide chemistries or new innovative herbicide-
resistant crop technologies (Norsworthy et al. 2012). To date there are no new herbicide MOAs 
on the horizon, and although 2,4-D and dicamba-resistant crop technology are set to launch 
within the next few years, neither of these herbicides control johnsongrass. Therefore, the near 
future of johnsongrass control will ultimately be placed on the use of currently available 
herbicides. 
The objectives of this research were to identify effective herbicide programs for the 
glyphosate-resistant johnsongrass biotype in West Memphis in glyphosate- and glufosinate-
resistant soybean production systems. Results showed that effective control of the resistant 
biotype can be achieved in both soybean production systems, especially in herbicide programs 
containing clethodim in the first POST application (V3 soybean, 15- to 25-cm tall johnsongrass); 
albeit, the use of at least two effective herbicides with different MOAs is highly recommended to 








Table 1. Daily precipitation amounts (mm) for the months of May through September in West Memphis, AR in 2009 and 
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a
 Soybean were planted on June 25 in 2009 and May 19 in 2010. 
b
 PRE herbicides were applied immediately after planting. POST applications were on July 17 and August 4 in 2009 and 
June 15 and July 6 in 2010. 
c 
Spaces that contain a dash (
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Table 2. Effectiveness of preemergence (PRE)- and postemergence (POST)-applied herbicides for control of 





















S-metolachlor PRE 1,420 29 efg 
 
15 e 
Flumioxazin PRE 71 11 fg 
 
12 e 
Fomesafen PRE 420 11 fg 
 
18 e 
S-metolachlor + fomesafen PRE 1,215 + 266 19 efg 
 
22 e 
Pendimethalin PRE 1,120 15 efg 
 
22 e 
Metribuzin PRE 560 6 g 
 
6 e 
Alachlor PRE 2,800 5 g 
 
4 e 
Acetochlor PRE 2,930 8 g 
 
6 e 
Fomesafen POST 395 37 def 
 
31 cde 
Clethodim POST 136 96 a 
 
92 a 
Quizalofop POST 77 65 bcd 
 
63 abc 
Sethoxydim POST 210 74 abc 
 
70 ab 









Imazethapyr POST 70 59 bcd 
 
54 bcd 




Abbreviations: PRE, preemergence; POST, postemergence; WAT, weeks after treatment. 
b
POST applications of imazethapyr contained 0.25% v/v of a nonionic surfactant and all other POST herbicides 
except fomesafen contained 1% v/v of a crop oil concentrate as recommended according to their respective product 
label. 
c
 PRE herbicides were applied immediately after planting and POST treatments were applied when johnsongrass was 
approximately 15- to 25-cm tall. 
d




















Table 3. Impact of glufosinate rate and application sequence following a preemergence (PRE) herbicide or total 
postemergence (POST) programs on glyphosate-resistant johnsongrass control and glufosinate-resistant soybean 
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PRE fb glufosinate 6 WAE    
vs. PRE fb sequential 
glufosinate 




PRE fb sequential glufosinate 
vs. sequential glufosinate 
total POST  




PRE fb glufosinate 6 WAE 
vs. sequential glufosinate 
total POST 





Abbreviation: fb, followed by; WAE; weeks after soybean emergence; NS, not significant. 
b










Table 4. Single versus sequential applications of clethodim in combination with glufosinate on glyphosate-resistant 






































Glufosinate + clethodim fb 
    Glufosinate  
3 WAE 
6 WAE 
450 + 68 





Glufosinate +clethodim fb 
    Glufosinate 
3 WAE 
6 WAE 
450 + 102 





Glufosinate + clethodim fb 
    Glufosinate 
3 WAE 
6 WAE 
450 + 136 



































Glufosinate + clethodim fb 
    Glufosinate + clethodim 
3 WAE 
6 WAE 
450 + 68 











Glufosinate + clethodim fb 
    Glufosinate + clethodim 
3 WAE 
6 WAE 
450 + 102 





Glufosinate +  clethodim fb 
    Glufosinate +  clethodim 
3 WAE 
6 WAE 
450 + 136 
























Clethodim vs. no clethodim  




Clethodim 3 WAE vs. 
clethodim 6 WAE  




Clethodim 3 or 6 WAE vs. 
clethodim 3 and 6 WAE  





Abbreviations: fb, followed by; WAE, weeks after soybean emergence; NS, not significant. 
b
Means within a column with the same lowercase letters are not different according to Tukey’s HSD (0.05). 
c










Table 5. Glyphosate-resistant johnsongrass control and soybean yield in glufosinate-based programs containing 

























S-metolachlor + fomesafen fb 
    Glufosinate fb 




1,215 + 266 
450 





S-metolachlor + fomesafen fb 
    Glufosinate + imazamox fb 




1,215 + 266 
450 + 44 





S-metolachlor + fomesafen fb 
    Glufosinate + clethodim fb 




1,215 + 266 
450 + 136 





S-metolachlor + fomesafen fb 
    Glufosinate + imazethapyr fb 




1,215 + 266 
450 + 70 





S-metolachlor + fomesafen fb 
    Glufosinate + clethodim fb 




1,215 + 266 
450 + 136 





S-metolachlor + fomesafen fb 
    Glufosinate + clethodim fb 




1,215 + 266 
450 + 68 





















Glufosinate + imazamox fb 
    Glufosinate +clethodim 
3 WAE 
6 WAE 
450 + 44 





Glufosinate + clethodim fb 
    Glufosinate + imazamox 
3 WAE 
6 WAE 
450 + 136 





Glufosinate + imazethapyr fb 
    Glufosinate + clethodim 
3 WAE 
6 WAE 
450 + 70 





Glufosinate + clethodim fb 
    Glufosinate + imazethapyr 
3 WAE 
6 WAE 
450 + 136 





Glufosinate + clethodim fb 
    Glufosinate + clethodim 
3 WAE 
6 WAE 
450 + 68 
























PRE vs. total POST  




Clethodim vs. no clethodim  




Clethodim 3 WAE vs.        
clethodim 6 WAE  










Clethodim 3 or 6 WAE vs.     
clethodim 3 and 6 WAE  





Abbreviations: fb, followed by; PRE, preemergence; WAE, weeks after soybean emergence; NS, not significant. 
b
Means within a column with the same lowercase letters are not different according to Tukey’s HSD (0.05). 
c
 Postemergence applications of clethodim and imazamox contained 1% v/v a crop oil concentrate and imazethapyr 







Table 6. Effect of clethodim rate and application sequence on glyphosate-resistant johnsongrass control and soybean 

































































Glyphosate + clethodim fb 
    Glyphosate 
3 WAE 
6 WAE 
870 + 68 





Glyphosate + clethodim fb 
    Glyphosate 
3 WAE 
6 WAE 
870 + 102 





Glyphosate + clethodim fb 
    Glyphosate 
3 WAE 
6 WAE 
870 + 136 





Glyphosate + clethodim fb 
    Glyphosate + clethodim 
3 WAE 
6 WAE 
870 + 68 





Glyphosate + clethodim fb 
Glyphosate + clethodim 
3 WAE 
6 WAE 
870 + 102 











Glyphosate + clethodim fb 
    Glyphosate + clethodim 
3 WAE 
6 WAE 
870 + 136 















   
 
 
   
Contrasts
    
 
 
   
Clethodim vs. no clethodim  




Clethodim 3 WAE vs.                                             
clethodim 6 WAE  





Clethodim 3 or 6 WAE vs.     
clethodim 3 and 6 WAE  






Abbreviations: fb, followed by; WAE, weeks after soybean emergence NS, not significant. 
b














Table 7. Effect of herbicide programs containing multiple modes of action on glyphosate-resistant johnsongrass 
















































Glyphosate + imazamox fb 
    Glyphosate + clethodim 
3 WAE 
6 WAE 
870 + 44 





Glyphosate + clethodim fb 
    Glyphosate + imazamox 
3 WAE 
6 WAE 
870 + 136 





Glyphosate + imazethapyr fb 
    Glyphosate + clethodim 
3 WAE 
6 WAE 
870 + 70 





Glyphosate + clethodim fb 
    Glyphosate + imazethapyr 
3 WAE 
6 WAE 
870 + 136 





Glyphosate + fomesafen fb 
    Glyphosate + clethodim 
3 WAE 
6 WAE 
870 + 395 





Glyphosate + clethodim fb 
    Glyphosate + fomesafen 
3 WAE 
6 WAE 
870 + 136 











Glyphosate + clethodim fb 
    Glyphosate + clethodim 
3 WAE 
6 WAE 
870 + 68 
























PRE vs. total POST  




Clethodim 3 WAE vs.    
clethodim 6 WAE  




Clethodim 3 or 6 WAE vs.     
clethodim 3 and 6 WAE  





Abbreviations: fb, followed by; PRE, preemergence;WAE, weeks after soybean emergence; NS, not significant. 
b
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 Currently, johnsongrass biotypes resistant to glyphosate, and the acetolactate synthase- 
and acetyl coenyze-A carboxylase-inhibiting herbicides are not widespread in Arkansas based on 
a survey of 141 accessions. Two accessions were further evaluated, and it was found that 
accession J12 required a glyphosate dose equivalent to six times the registered field-use rate in 
glyphosate-resistant soybean (840 g ae ha
-1
) to achieve complete control. Additionally, the rate 
of imazethapyr required to obtain complete control of accession J14 was approximately five 
times the recommended rate of imazethpyr (70 g ai ha
-1
). From these results, it was concluded 
that the J12 accession has evolved resistance to glyphosate and the J14 accession is resistant to 
imazethapyr. 
 Johnsongrass plants that were less than 30-cm tall were effectively controlled by 
glyphosate, glufosinate, clethodim, and nicosulfuron. For larger plants, glufosinate and 
nicosulfuron were less effective whereas glyphosate and clethodim were effective even on large-
sized plants (>30 cm). Furthermore, results from this research indicate that late-season 
applications of glyphosate or clethodim shortly after panicle emergence can effectively reduce 
johnsongrass seed production, which would decrease the overall size of the soil seedbank. Late-
season applications of glyphosate or clethodim also reduced seed viability, seed weight, and 
vigor of progeny. Hence, a late-season application of either glyphosate or clethodim would be an 
effective option for reducing seedbank enrichment of johnsongrass escapes, reducing future 
production costs and time that would otherwise be spent controlling this weed. 
 Control of the glyphosate-resistant johnsongrass biotype in West Memphis was not 
effective with glyphosate or glufosinate applied alone in single POST applications and control 





achieved in both glyphosate- and glufosinate-resistant soybean with the addition of clethodim in 
one or both POST applications. Additionally, programs containing imazethapyr or imazamox in 
combination with glyphosate or glufosinate at the V3 stage of soybean fb glyphosate or 
glufosinate in combination with clethodim approximately three weeks later were likewise 
effective. Clethodim was also the only single POST-applied herbicide that provided effective 
control of the glyphosate-resistant johnsongrass biotype, and none of the PRE-applied herbicides 
were effective. Hence, glyphosate is no longer an effective management option for this biotype. 
Furthermore, a single application of glufosinate alone at the rates evaluated is not an effective 
control option, but the resistant biotype can be controlled in both glyphosate- and glufosinate-
resistant soybean production systems with the addition of other effective herbicide modes of 
action such as clethodim, imazethapyr, or imazamox.  
